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a b s t r a c t

MXene and metal-organic frame (MOFs) are emerging as transformative materials in the field of energy

storage and conversion. While MXene excel in conductivity, tunable surface chemistry, and flexibility,

MOFs bring complementary benefits with their tunable porosity and structural versatility, enabling the

design of hybrid systems with enhanced functionalities. However, challenges such as material stabil-

ity, structural integrity, and ink formulation must be addressed to fully integrate these materials into

3D printing technologies. This review elucidates cutting-edge material design frameworks for MXene-

and MOF-integrated 3D-printed architectures, emphasizing their transformative roles in advancing energy

storage/conversion systems. We provide a systematic evaluation of additive manufacturing compatibility

and multidisciplinary optimization strategies spanning ink rheology, hierarchical structure engineering,

and interfacial electrochemistry to enhance device performance metrics. Additionally, by analyzing the

key advantages and limitations of MXene- and MOF-based materials, we examine their role in overcom-

ing current challenges in electrochemical energy storage devices. Finally, we provide insights into future

prospects, presenting a roadmap for integrating MXene and MOFs into scalable 3D printing technologies,

which will enable breakthroughs in sustainable and high-performance energy devices.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

With rapid technological advancements and the increasing de-

mand for sustainable solutions, the development of advanced ma-

terials for energy storage and conversion has become a promi-

nent area of research [1–7]. Among various innovative approaches,

three-dimensional (3D) printing stands out for its ability to design

complex, high-performance structures with remarkable flexibility,

adaptability to different materials, and rapid prototyping capabil-

ities [8–10]. As a frontier in materials science, 3D printing tech-

nology not only enables the construction of complex and intricate

microstructures but also plays an important role in the design of

customized and high-performance energy storage devices.

MXene and metal organic frameworks (MOFs) are two emerg-

ing materials with unique physical and chemical properties, that
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make them well-suited for 3D printing applications in energy

storage [11–14]. MXene, a family of two-dimensional transition

metal carbides, nitrides, or carbonitrides, are distinguished by

their high electrical conductivity, versatile surface chemistry, and

mechanical robustness [15–17]. These attributes position MXene

as ideal candidates for high-energy-density devices, where they

deliver outstanding performance and stability [18,19]. In contrast,

MOFs are known for their highly tunable porous structures and

excellent chemical stability, which have made them valuable in

gas storage [20–22], separation [23,24], and catalysis applications

[25,26]. Although MXene and MOF-based materials have distinct

chemical properties, a comprehensive understanding of their

respective roles in 3D printing mechanisms, coupled with strategic

integration through comparison, combination, and future outlooks,

can address common challenges in energy device engineering, such

as charge transport and compatibility conflicts. The integration

of MXene and MOF materials with 3D printing technology opens

up new possibilities for the creation of complex multifunctional

structures, thereby advancing the development of next-generation

energy storage devices. Integrating MXene and MOFs with 3D

https://doi.org/10.1016/j.cclet.2025.111489
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Fig. 1. (a) Development timeline of 3D printing materials employed in electro-

chemical energy storage devices (EESDs). (b) Timeline showcasing the evolution of

MXene- and MOF-based materials in 3D-printed energy storage applications.

printing technology has opened avenues for creating complex and

multifunctional structures that advance next-generation energy

storage devices [27–30].

However, the successful 3D printing of MXene- and MOF-

based materials depends largely on ink formulation. The rheolog-

ical properties, stability, and printability of the ink directly influ-

ence the precision, structural integrity, and overall performance of

the final printed devices [31–33]. Therefore, developing inks with

optimal flow characteristics and uniform dispersion is essential for

compatibility with various 3D printing techniques, such as stere-

olithography (SLA) and fused deposition modeling (FDM) [34–36].

This remains a significant research challenge, as current efforts

strive to overcome these technical barriers to unlock the full po-

tential of these materials.

Recent studies have demonstrated the effectiveness of 3D

printed MXene- and MOF-based structures in energy storage and

conversion devices, including supercapacitors [37,38], batteries

[39], and catalysis [40], showcasing their enormous potential for

significantly enhancing device performance and efficiency [41].

Fig. 1 illustrates the advances and diverse applications of MXene-

and MOF-based materials in 3D printing, showcasing how these

materials have been developed and optimized for various appli-

cations. It highlights their potential in creating complex, high-

performance structures, particularly in energy storage, catalysis,

and functional devices. This combination of MXene and MOFs with

3D printing technologies underscores their versatility and transfor-

mative impact, paving the way for innovative designs that address

critical needs in energy and environmental applications.

However, despite the progress, there remains a gap in the

literature on a comprehensive review that specifically addresses

the critical aspects of ink formulation and the material properties

essential for the effective use of MXene and MOFs in 3D printing.

This article aims to bridge that gap by providing an in-depth anal-

ysis of recent advancements in 3D printing with MXene and MOF-

based materials, with a particular focus on ink formulation strate-

gies and their practical applications in energy storage and conver-

sion. Specifically, this review provides a comprehensive analysis of

the design, synthesis, and optimization of MXene- and MOF-based

materials for 3D printed energy storage devices for the first time.

We propose strategies to enhance the performance of MXene-MOF-

based materials by optimizing ink formulation and device architec-

ture. Additionally, we optimize the parameters for 3D printing of

MXene- and MOF-based materials to improve the electrochemical

performance of energy storage devices. Through a thorough as-

sessment of the current research landscape and its challenges, we

aim to provide valuable insights and guidance for future research,

encouraging the widespread application of these materials in

sustainable energy technologies and real-world solutions.

2. Applications of MXene-based functional materials in 3D

printing

The integration of MXene-based materials into 3D printing

has unlocked a range of new possibilities in advanced manufac-

turing and functionalization, owing to their exceptional physical

and chemical properties. These features enable innovative break-

throughs in printing accuracy, material stability, and structural

functionality. In this section we provide a detailed overview of the

key advancements in designing and optimizing MXene inks, focus-

ing on regulating ink rheology, enhancing dispersion stability, and

improving material performance for complex 3D structures. Vari-

ous 3D printing techniques, including SLA and FDM, are explored,

alongside strategies for tailoring MXene inks to suit specific ap-

plications. Additionally, we address the successes and challenges

faced in incorporating MXene-based materials into electrochemi-

cal devices, sensors, and other functional systems. By highlighting

both innovations and potential limitations, we offer valuable in-

sights for the future integration of MXene in cutting-edge 3D print-

ing technologies, guiding their effective use in next-generation ap-

plications.

2.1. Pure MXene: Additive-free approaches for high-precision printing

A significant breakthrough in MXene based 3D printing is the

development of additive-free inks, which eliminate the need for

binders and other additives that could compromise the inherent

properties of MXene. This approach has been particularly success-

ful in direct printing techniques [39], allowing for the creation of

flexible, high-precision microstructures without the need for ad-

ditional processing (Fig. 2a) [42]. These advancements highlight

the critical role of ink formulation in achieving both precision and

functionality in printed devices. For example, the use of 2D Ti3C2Tx
(MXene) inks has opened new possibilities for the fabrication of

intricate microscale devices [43], enabling the direct printing of

MXene structures with enhanced mechanical integrity and accu-

racy (Fig. 2b). Such developments open the door to more efficient

and accurate production of functional devices.

Combining cold-trap environments with freeze-drying tech-

niques has proven to be an effective strategy for advancing MXene

electrode design. This method enables the fabrication of porous,

high-surface-area MXene structures that optimize ion transport

pathways, particularly benefiting applications like aqueous zinc-

ion batteries (ZIBs) [44]. By preventing the common issue of

self-stacking among MXene layers, this approach preserves both

conductivity and electrochemical performance while enhanc-

ing overall structural stability. Additionally, the integration of

freeze-drying with 3D printing has led to the creation of MXene

aerogels that exhibit remarkable porosity and mechanical integrity.

These aerogels maintain their structural coherence and functional

properties even under operational stress, addressing one of the

most critical challenges in developing stable, high-performance

MXene-based devices for advanced energy storage. This strategy

has significant potential for the design of energy storage devices

requiring both high conductivity and structural robustness [45,46].

Template-assisted 3D printing methods have enabled the fabri-

cation of Ti3C2Tx MXene microlattices with customized structures

[47], enabling precise control over the architecture of printed ma-

terials and expanding their use across various fields (Fig. 3a). Such

precise architectural control allows for the optimization of mate-

rial properties to meet specific application requirements. Recent
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Fig. 2. Innovations in additive-free MXene inks for high-precision 3D printing. (a)

Schematic illustration of direct MXene ink printing, enabling the creation of flexible

microstructures while preserving MXene inherent properties for improved precision

and functionality. Reprinted with permission [42]. Copyright 2019, Nature Publish-

ing Group. (b) Fabrication of all-MXene-based MSCs using the stamping strategy,

demonstrating the capability of 2D Ti3C2Tx inks to produce intricate, mechanically

robust structures with high accuracy. Reprinted with permission [43]. Copyright

2018, Wiley-VCH.

advancements, such as aligning Ti3C2Tx MXene nanosheets dur-

ing 3D micropatterning with 3D printing, have further enhanced

the structural integrity and mechanical strength of these materi-

als (Fig. 3b) [48]. These techniques demonstrate the potential of

3D printing to engineer materials with complex geometries and

customized functionalities, emphasizing the strategic value of this

technology in advancing MXene-based applications.

A deep understanding of the rheological characteristics of MX-

ene dispersions is essential for optimizing the 3D printing pro-

cess. A comprehensive analysis of the flow behavior of 2D MXene

dispersions has provided valuable insights into processing these

materials effectively. By tailoring the rheology of MXene inks, re-

searchers can enhance printability and achieve the desired struc-

tural properties in final printed products (Fig. 4a) [49]. Addi-

tionally, the microscale curling and alignment of Ti3C2Tx MXene

through the confinement of aerosol droplets further highlights the

importance of rheology in shaping material behavior during print-

ing (Fig. 4b) [50]. These findings highlight the critical importance

of controlling the flow characteristics of MXene inks to achieve

precision in printed structures.

The progress in 3D printing technologies for MXene-based ma-

terials has unlocked exciting opportunities for their integration

across a range of fields. For example, Fu et al. [51] engineered

3D-architected gyroid MXene scaffolds for micromechanical sens-

ing, illustrating the potential of MXene in sensing applications. The

ability to fabricate complex 3D architectures significantly enhances

the functional versatility of MXene, enabling their integration into

multifunctional devices. Future research should continue to explore

the synergies between MXene materials and 3D printing technolo-

gies. Key opportunities include developing novel MXene compos-

ites, optimizing printing processes for large-scale production, and

Fig. 3. Template-assisted and customized 3D printing of Ti3C2Tx MXene micro-

lattices. (a) Schematic illustration of 3D printing of MXene microlattices with

customized structures, demonstrating precise control over material architecture

and its expanded applications. Reprinted with permission [47]. Copyright 2022,

American Chemical Society. (b) Schematic of hybrid 3D printing combining MXene

nanosheet alignment for 3D micropatterning, enhancing structural integrity and

mechanical strength. Reprinted with permission [48]. Copyright 2021, American

Chemical Society.

expanding the range of applications for MXene-based printed ma-

terials.

In conclusion, the integration of MXene materials into 3D print-

ing technologies represents a significant advancement in material

science and advanced manufacturing. Innovations in ink formula-

tion, printing techniques, and material design will drive further

progress in this exciting field, leading to the development of next-

generation devices with enhanced capabilities. As research contin-

ues to address current challenges and explore new opportunities,

MXene are set to play a pivotal role in shaping the future of 3D

printing applications across a range of industries.

2.2. Surface modification strategies for enhanced MXene properties

Recent advancements in 3D printing with MXene-based mate-

rials have focused on enhancing their performance by addressing

key challenges, including self-stacking and flexibility limitations.

Below, we highlight innovative modifications to MXene that sig-

nificantly enhance their functional capabilities and structural re-

silience, paving the way for more robust and versatile applications.

One of the primary challenges in MXene-based 3D printing is

the natural tendency of MXene nanosheets to self-stack, which can

reduce active sites, impede ion transport, and lower electrochem-

3
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Fig. 4. Rheological characterization and printing process of MXene inks. (a) Plots

showing viscoelastic measurements conducted on MXene flake suspensions at vari-

ous concentrations, highlighting the rheological behavior and its impact on process-

ing. Reprinted with permission [49]. Copyright 2018, American Chemical Society.

(b) Schematic illustration of the Aerosol Jet Printing (AJP) process used for creating

MXene patterns, demonstrating the role of rheology in precise patterning. Reprinted

with permission [50]. Copyright 2021, American Chemical Society.

Fig. 5. Schematic illustration of the manufacturing strategies for 3D printing free-

standing, hierarchically porous MXene/CNF 3D architectures. The design incorpo-

rates physical spacers, and optimized ink rheology to fabricate symmetric interdig-

itated supercapacitors with enhanced porosity, mechanical stability, and structural

integrity. Reprinted with permission [52]. Copyright 2021, Wiley-VCH.

ical performance. Recent studies have addressed this issue by in-

corporating cellulose nanofibers with Ti3C2Tx MXene which act as

physical spacers between MXene layers [52]. These nanofibers ef-

fectively prevent self-stacking, preserve porosity, enhance mechan-

ical properties, and stabilize the structure, enabling more efficient

ion transport and higher electrochemical performance. This ap-

proach has been further extended to hydrogel electrolytes, where

cellulose nanofibers form a flexible, supportive matrix that main-

tains layer separation, increases flexibility, and improves dura-

bility (Fig. 5). Additionally, optimizing the rheological properties

of MXene/cellulose nanofiber inks has been essential to ensure

smooth extrusion and precise layer deposition [53], which pre-

vents self-stacking while maintaining the structural integrity of

printed objects. These strategies, including the addition of physical

spacers, creation of supportive matrices, and optimization of ink

Fig. 6. Fabrication and modification of MXene-based flexible structures. (a)

Schematic illustrating the sequential processing steps involved in fabricating

MXene-coated polyurethane elastomer nanosheets, designed to enhance the me-

chanical strength and flexibility of the resulting structure for flexible electronics.

Reprinted with permission [55]. Copyright 2022, Elsevier. (b) Schematic illustration

of 3D printing of a FSC device, using MXene composites, demonstrating the role of

MXene-based ink in achieving high structural integrity and optimized flow prop-

erties during printing. Reprinted with permission [53]. Copyright 2024, The Royal

Society of Chemistry.

properties, represent significant advancements in overcoming self-

stacking challenges. Gurbuz et al. [54] aims to address the low ox-

idation resistance and re stacking issues of MXene based materials

by combining nitrogen and sulfur co doped V2C MXene nanoflow-

ers with porous multi walled carbon nanotubes. They enhance the

performance of MXene-based 3D printing, opening up new possi-

bilities for robust and efficient applications, such as energy storage

devices.

Enhancing flexibility and mechanical stability of MXene: In

the realm of 3D printing and flexible electronics, MXene have

gained significant attention for improving the mechanical strength

and flexibility of printed structures. A notable development uses

MXene-coated polyurethane elastomers [55], to enhance the me-

chanical integrity and structural stability in flexible materials

(Fig. 6a). This modification highlights the potential of MXene to

significantly improve the performance of flexible materials, partic-

ularly in improving durability and functionality. Additionally, re-

cent investigations into Ti3C2Tx MXene and its composites have ex-

plored their effectiveness in solid-state supercapacitors [53]. These

studies explore how MXene-based composites influence ink rhe-

ology and material stability during 3D printing, further advancing

the potential of MXene in energy storage applications (Fig. 6b).

These findings underline the critical role of MXene in enhancing

the flexibility and performance of printed materials. The strategies

used to optimize MXene modifications for 3D printing not only ad-

dress inherent material limitations but also pave the way for the

development of durable, flexible, and high-performance materials

suitable for advanced energy storage and wearable electronics.

2.3. MXene composite functional materials: Performance for diverse

applications

This section highlights the key progress in MXene-based com-

posites, particularly their incorporation into hydrogel, biomate-

4
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Fig. 7. (a) Illustration of 3D printing of the MXene nanocomposites using an LCD

pinter. Reprinted with permission [56]. Copyright 2022, American Chemical Society.

(b) Schematics of the 3D printing MXene/graphene hybrid aerogels processes.

Reprinted with permission [58]. Copyright 2022, the Royal Society of Chemistry.

(c) Schematic illustration of the fabrication process of hierarchical MXene/RGO

scaffolds. Reprinted with permission [59]. Copyright 2022, The Royal Society of

Chemistry.

rial, other functional materials, emphasizing their enhanced per-

formance and diverse applications.

MXene-based nanocomposites have demonstrated outstanding

toughness and thermal stability, particularly when prepared us-

ing 3D printing technology. These properties make MXene ideal

candidates for applications requiring heat resistance and durability

(Fig. 7a) [56]. Furthermore, the introduction of 4D printing tech-

nology has further expanded the potential of MXene composites,

enabling the development of smart materials capable of dynami-

cally altering their shape in response to external stimuli. This in-

novation opens new avenues for creating responsive systems and

adaptive materials for use in diverse fields, such as robotics and

smart textiles [57].

MXene exhibit tremendous potential when combined with

other materials, such as graphene, to enhance electromagnetic in-

terference (EMI) shielding capabilities. For example, the develop-

ment of MXene/graphene hybrid aerogels and reduced graphene

oxide (rGO) structures has demonstrated the effectiveness of these

composites in achieving broadband EMI shielding (Figs. 7b and c)

[58,59]. By incorporating MXene to enhance electrical conductiv-

ity, GO to improve dispersibility and rheological properties, and

lignosulfonate to strengthen adhesion and self-assembly capabil-

ity, the ink formulation is optimized for improved stability and

ion transport efficiency. Furthermore, rheological testing reveals

that the ink exhibits shear-thinning behavior, where its high vis-

cosity effectively preserves the integrity of the 3D-printed struc-

ture. Consequently, this formulation enables the stable fabrication

of thick electrodes with vertically aligned porous architectures, en-

suring enhanced electrochemical performance [60]. The integration

of MXene with graphene enhances both conductivity and structural

integrity, making these materials highly suitable for electronic de-

vices and protective coatings. In addition, 3D printing technology

has been used to construct MXene decorated carbon black based

electrodes, providing innovative designs for solid-state micro su-

percapacitors [61]. This integration leverages the conductivity of

MXene and the structural stability of carbon black, resulting in

synergistic performance improvements.

Similarly, the functionalization of 3D-printed electrodes with

MXene for electrochemical capacitors highlights ability of MXene

to enhance electrochemical interfaces and conductivity in printed

electrodes, offering a promising direction for advanced energy stor-

age devices [62]. Collectively, these advancements emphasize the

critical role of MXene in enhancing the properties of conductive

materials and smart composites, through cutting-edge 3D printing

techniques.

Fig. 8. 3D Printed MXene-based composites for enhanced energy storage and flex-

ible supercapacitor design. (a) 3D printing of NiCoP/Ti3C2 MXene architectures for

energy storage devices with high areal and volumetric energy density. Reprinted

with permission [63]. Copyright 2020, Spinger. (b) Schematic illustration of the fab-

rication process of intrinsically stretchable MSCs through 3D printing and unidi-

rectional freezing. Reprinted with permission [64]. Copyright 2020, Wiley-VCH. (c)

Schematic illustration of the scheme design of porous MXene (Ti3C2Tx) architecture

BC for enhanced electron and ion transport pathways. Reprinted with permission

[67]. Copyright 2019, Wiley-VCH.

2.4. Hybrid MXene composites: Merging functional materials for

multifunctionality

The development of MXene based composites has led to in-

novative materials with a wide range of functionalities. For ex-

ample, NiCoP/Ti3C2 architectures and MXene ink containing am-

phiphilic surfactants, has demonstrated significant potential for

printing micro-supercapacitors (MSCs) with high energy density

(Fig. 8a) [63]. These advancements highlight the ability of MXene

to be combined with other materials to enhance its properties, en-

abling the design of unique materials that meet the specific re-

quirements of different applications.

One of the most exciting developments involves the fabrica-

tion of a pseudoplastic nanocomposite gel using a straightfor-

ward 3D printing technique combined with unidirectional freez-

ing. This gel consists of Ti3C2Tx MXene nanosheets, manganese

dioxide nanowires, silver nanowires, and fullerenes, and is used to

create stretchable MSCs with a honeycomb-like porous and stag-

gered electrode structure (Fig. 8b) [64]. The unique architecture of

this structure benefits from thick electrodes and three-dimensional

porous conductive scaffolds, which improve active material load-

ing, increase interfacial areas, and accelerated ion transport.

This study systematically explores the synergistic relationship

between material design, ink formulation, structural optimiza-

tion, and the resulting multifunctional performance [65]. The

3D-printed chitosan/Ti2C2Tx-MXene aerogel exhibits an ultralight,

porous architecture. By adjusting the MXene content (1, 2, 5,

and 10wt%), the electrical conductivity of the aerogel can be

effectively tuned. Additionally, the interaction between chitosan

and MXene molecules expands the interlayer spacing of MXene,

thereby enhancing the material’s structural stability. Furthermore,

rheological analysis demonstrates that the incorporation of MXene

significantly improves the shear-thinning behavior of the ink,

facilitating the 3D printing process. Leveraging digital light pro-

cessing (DLP) 3D printing technology, an MXene/polyacrylamide

hydrogel was successfully fabricated. The introduction of MXene

nanosheets not only enhances the hydrogel’s wave absorption

and mechanical properties but also optimizes the ink formulation,

5
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improves print quality, and enables the fabrication of intricate

geometric structures with high precision [66].

These features collectively result in a significant improvement

in both energy density and power density, making these MSCs

promising for high-performance energy storage devices. Addition-

ally, the fullerene-induced slip cell wall structure contributes to the

mechanical robustness of the scaffolds, allowing them to endure

significant deformation without fracturing or losing performance.

Similarly, the inclusion of biocellulose (BC), provides a highly in-

terconnected nanofiber network with excellent water retention,

tensile strength, and rapid ion transport (Fig. 8c) [67]. The self-

assembly of MXene nanosheets within the BC network results in

a dual-continuous, three-dimensional porous MXene electrode that

offers exceptional electron and ion transport pathways, further en-

hancing the functionality of the composite material.

The integration of MXene with conductive polymer through di-

rect ink writing 3D printing technology has led to the fabrication

of programmable MSCs, demonstrating potential of MXene for de-

veloping flexible materials [32]. Additionally, the ability to incorpo-

rate MXene into flexible substrates through 3D printing techniques

has led to the creation of stretchable MSCs, showcasing compatibil-

ity of MXene with advanced fabrication methods for flexible elec-

tronics [64]. This highlights the versatility of MXene in designing

components for stretchable devices, with promising applications

in wearable technology. Furthermore, the engineering of 3D ion

transport channels within flexible MXene films has been shown

to improve both structural integrity and adaptability, illustrating

potential of MXene for use in flexible and robust next-generation

electronic devices [67]. These developments fully demonstrate the

transformative impact of MXene in advancing flexible materials

through innovative 3D printing and materials engineering strate-

gies.

In summary, MXene-based composites are revolutionizing 3D

printing across a wide range of applications, from biomedical to

structural and functional materials. By combining MXene with

other materials, its properties are significantly enhanced, demon-

strating its vast potential in creating multifunctional materials for

a variety of fields. These advancements emphasize the impor-

tance of MXene in developing high-performance, flexible, and pro-

grammable materials for future technologies.

2.5. Ion doping in MXene: Tailoring electronic properties for

advanced applications

MXene materials have attracted significant attention in 3D

printing due to their versatility and potential for enhancement

through ion doping. Ion doping involves incorporating specific ions

into the MXene structure, which can significantly modify its elec-

tronic, mechanical, and chemical properties. This process is an ef-

fective method for tailoring MXene materials for a variety of ap-

plications, from energy storage devices to biosensors and beyond.

This section explores recent advancements in ion-doped MXene

materials, highlighting how ion doping enhances the functionality

of MXene-based structures.

A notable advancement in MXene ion doping is the develop-

ment of nitrogen-doped Ti3C2Tx MXene scaffolds through 3D print-

ing, demonstrating the potential of ion doping for creating porous

structures with enhanced properties (Fig. 9a) [68]. Nitrogen doping

significantly modifies the electronic characteristics of MXene, lead-

ing to improved interactions within the scaffold, which are crucial

for optimizing material performance. This strategy highlights the

potential of nitrogen-doped MXene in developing advanced mate-

rials with promising applications, from energy storage to sensing

technologies.

Further advancing ion doping techniques, researchers have ex-

plored the use of divalent cation-doped MXene inks in 3D print-

Fig. 9. Ion doping strategies for enhancing the performance of MXene-based struc-

tures. (a) Schematic diagram showing the preparation process of 3D-printed elec-

trodes with porous N-Ti3C2Tx from MF sphere template. Reprinted with permis-

sion [68]. Copyright 2020, American Chemical Society. (b) Schematic diagram show-

ing the preparation of divalent-iongelated MXene ink and 3DP MXene electrodes.

Reprinted with permission [69]. Copyright 2021, American Chemical Society. (c)

Schematic illustration of direct MXene-N ink printing. Reprinted with permission

[70]. Copyright 2019, Wiley-VCH.

ing applications. Specifically, Ti3C2 MXene ink gelated with diva-

lent cations has been utilized in the development of 3D-printed

Zn-ion hybrid capacitors. This study highlights the versatility of di-

valent cation doping in stabilizing MXene inks, thereby enhanc-

ing their adaptability in 3D printing processes (Fig. 9b) [69]. The

approach demonstrates how divalent cations can significantly en-

hance the physical and chemical interactions within MXene-based

materials, making them more adaptable and stable during the 3D

printing process. The findings highlight the versatility of divalent

cation doping and its potential to pave the way for new pathways

in advanced 3D-printed structures.

Expanding on the nitrogen doping approach, a versatile

nitrogen-doped MXene ink has been developed for electrochemi-

cal energy storage applications (Fig. 9c) [70]. This ink benefits from

the incorporation of nitrogen into the MXene structure, which im-

proves both the printability and functionality of the material. The

development of such inks highlights the transformative potential

of nitrogen doping in enhancing the versatility of MXene inks, en-

abling the creation of complex and functional 3D-printed materials

with improved electrochemical performance. This innovation is a

step forward in the design of advanced materials for energy stor-

age applications, demonstrating adaptability of MXene for various

technological uses.

The studies presented in this section emphasize the transfor-

mative role of ion doping in advancing MXene-based 3D printing

applications. By employing different ion-doping strategies, re-

searchers have successfully expanded the scope and utility of

MXene materials, paving the way for innovative designs and

functional materials across various fields. Moreover, these ad-

vancements demonstrate the growing synergy between material

science and 3D printing technology, establishing MXene as a key

material for the future of advanced manufacturing and materials
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development. Ion doping, with its ability to tailor material prop-

erties, holds great promise for enhancing the performance and

applicability of MXene in next-generation technologies.

In summary, MXene-based materials exhibit great promise for

energy storage applications, particularly when integrated with 3D

printing technologies. These insights set the stage for exploring the

complementary advantages of MOF-based systems.

2.6. Rheomechanical mechanisms of MXene-based materials in 3D

printing

2.6.1. Interaction mechanisms between components

The synergistic interactions between MXene and nanofillers rely

on electrostatic interactions, hydrogen bonding, van der Waals

forces, surfactant modulation, and ionic crosslinking mechanisms

to optimize the rheological properties and structural stability of

inks. The negatively charged functional groups (-O, -OH) on MXene

surfaces (e.g., Ti3C2Tx) form dynamic crosslinked networks with

cationic additives (e.g., Zn2+, Ca2+) via electrostatic attraction, sig-

nificantly enhancing the yield stress (τ n) and storage modulus (G’).

For instance, MXene-Zn-0.03 ink with 0.03mg/mL Zn2+ exhibits a

G’ of 3×10³ Pa and τ n of 100Pa [69]. Additionally, MXene interacts

with cellulose nanofibers (CNF) or graphene oxide (GO) through

hydrogen bonding and van der Waals forces to form stable 3D net-

works, improving thixotropic recovery (e.g., >99% viscosity recov-

ery for MXene/CNF10 ink) [52].

Furthermore, divalent cations (Zn2+, Ca2+) shield the negative

charges on MXene surfaces, promoting nanosheet crosslinking to

form porous gel structures (verified by XRD, showing reduced in-

terlayer spacing with increasing Zn2+ concentration) [69]. How-

ever, excessive cations (e.g., Zn2+ > 0.05mg/mL) may induce ag-

gregation dominated by van der Waals forces, compromising ink

homogeneity. Thus, rational regulation of MXene-filler interactions

is critical for high-performance inks.

2.6.2. Correlation between rheological properties of MXene inks and

3D printing performance

The rheological properties of MXene inks are intrinsically linked

to 3D printing performance, with shear-thinning behavior, yield

stress modulation, viscoelastic matching, and thixotropic recovery

being key factors for print quality optimization. At high shear rates

(>100 s−1), the rupture of physical connections between MXene

nanosheets leads to rapid viscosity reduction (e.g., MXene-Fe/SiC

ink viscosity drops from 105 Pa s to 102 Pa s), enabling smooth

extrusion [58]. A lower shear-thinning index (n) enhances shear

sensitivity; for example, ink with n=0.73 achieves high-resolution

printing (≈165μm line width) through a 290μm nozzle [63].

Yield stress (τ n) critically influences interlayer adhesion. Low

τ n (< 100Pa) may cause gravitational collapse and excessive

layer fusion (e.g., MXene-Zn-0.01 ink fails to form self-supporting

structures), while high τ n (> 200Pa) suppresses collapse but re-

quires optimized printing pressure (e.g., MXene/CNF10 ink with

τ n =191.56 Pa supports 10-layer stacking without deformation un-

der 28 kPa) [52,69]. Viscoelastic matching ensures shape fidelity:

Elastically dominated inks (G’ > G”) exhibit solid-like behavior (e.g.,

MXene/C12E9 ink: G’=2.05×105 Pa, G”=6.01×104 Pa), whereas

viscous dominance (G” > G’) in high-shear regions (e.g., nozzle in-

terior) facilitates extrusion [32,71]. 52 Thixotropic recovery is vital

for multilayer printing. MXene/CNF10 ink achieves > 99% viscos-

ity recovery within 10 s post-shear, enabling complex architectures

(e.g., grids, cantilevers), whereas pristine MXene ink requires CNF

or MWCNT additives to enhance network stability [52,53]. There-

fore, rational rheological parameter control enhances printing pre-

cision and structural stability.

2.6.3. Influencing factors on print quality

Print resolution of MXene inks is governed by nozzle diame-

ter, printing speed, and interlayer adhesion strength, while long-

term stability is critical for structural integrity. A 400μm nozzle

combined with ink exhibiting a shear-thinning index of n=0.71

achieves a line width of ≈200μm [64]. Increasing printing speed

reduces line width; for example, raising speed from 2mm/s to

5mm/s decreases line width from 355μm to 165μm [63]. For inter-

layer adhesion, viscoelastic matching is essential: A storage modu-

lus (G’) slightly exceeding the loss modulus (G”) (tanδ ≈ 0.5–1.0)

ensures robust layer fusion without collapse [43].

Long-term stability requires environmental control. MX-

ene/C12E9 ink maintains structural integrity for over 1 h under

static conditions, supporting complex architectures, whereas Zn2+-
containing inks must avoid humidity fluctuations to prevent gel

dehydration and performance degradation [69,71]. By optimizing

rheological parameters, printing protocols, and environmental

conditions, MXene-based 3D printing can achieve enhanced

resolution, interlayer stability, and long-term durability.

3. Applications of MOF-based functional materials in 3D

printing

The integration of MOFs and gel materials in 3D printing has

significantly advanced ink formulation strategies, resulting in en-

hanced printing quality, mechanical stability, and functional per-

formance of printed materials [72–76]. MOFs, known for their high

specific surface area and tunable porosity, offer unique benefits

for optimizing ink properties by modulating printability, mechani-

cal strength, and functionality. Gel materials, recognized for their

excellent biocompatibility, tunable rheology, and environmental

adaptability, further improve ink formulations by enhancing stabil-

ity and facilitating the integration of active materials into printable

systems [77–84]. This section provides the diverse applications of

MOFs and gel materials in 3D printing inks, examining the under-

lying mechanisms that drive their effectiveness and summarizing

strategies highlighted in the literature. Specific attention is given to

how these materials contribute to functional enhancements in var-

ious fields, illustrating how modifications in ink properties trans-

late to improved real-world performance.

3.1. MOF-polymer gels for enhanced ink performance

3.1.1. Tailoring 3D printing inks with MOF modulation

The unique porous structure and tunable surface chemistry of

MOFs provide a powerful approach for enhancing 3D printing ink

properties. For example, the in-situ growth of MOFs within hydro-

gels can effectively modulate the mechanical and rheological prop-

erties of inks [85]. By tailoring the synthesis conditions of MOFs,

factors such as particle dispersion, mechanical strength, and struc-

tural stability within hydrogels can be precisely controlled, thereby

optimizing the rheological behavior of inks for 3D printing. Ad-

ditionally, the gas storage capabilities of acrylonitrile butadiene

(ABS)-MOF composite have revealed the potential of MOFs to en-

hance gas adsorption within inks, making them particularly valu-

able for applications in gas sensing and environmental monitoring

[86]. These findings illustrate the versatility of MOFs in enhancing

both the functionality and mechanical performance of 3D-printed

materials.

In MOF-polymer composites, the incorporation of MOFs into

methacrylated gelatin scaffolds has been shown to significantly

enhance mechanical stability, and structural integrity, leading to

improved print quality and resolution [87]. Similarly in biomedi-

cal applications, MOF-doped bio-printable hydrogels have demon-

strated promising potential for bone repair, where improved print

7
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Fig. 10. Design strategies and fabrication processes of MOF-based 3D printing inks.

(a) Schematic representation of the design strategy for MOF-based 3D printing inks.

Reprinted with permission [91]. Copyright 2023, The Author(s). (b) Schematic pro-

cedure for printing MOF-PA12 mixed matrix films (MMFs) with grid patterns and

along with photographs of the PA12 film and MOF-PA12 MMFs incorporating vari-

ous MOF fillers. Reprinted with permission [97]. Copyright 2019, American Chemical

Society. (c) Schematic illustration of the preparation process for bimetallic SC−MOF

metamaterial absorbers highlighting the integration of MOFs with gel materials

for enhanced electromagnetic shielding. Reprinted with permission [98]. Copyright

2024, Wiley-VCH.

performance and mechanical properties are essential [88]. The re-

inforcing role of MOFs in polymer matrices illustrates their criti-

cal contribution to advancing 3D-printed biomaterials, opening av-

enues for further development in fields such as tissue engineering

and regenerative medicine.

3.1.2. Role of gel materials in ink optimization

Gel materials, including gelatin and alginate, are widely em-

ployed in 3D printing due to their exceptional biocompatibility and

customizable properties. By adjusting the composition and cross-

linking density of these gels, such as alginate/gelatin scaffolds in-

tegrated with ZIF-8, researchers have shown substantial improve-

ments in the rheological properties and printing precision of inks.

For example, controlling cross-linking density optimizes flow be-

havior, which is critical for consistent and accurate printing [89].

Additionally, MOF nanoenzyme hydrogels demonstrate dual en-

zymatic activities that enhance multifunctionality in applications

like glucose monitoring, showcasing the potential of functional-

ized gels [90]. Moreover, studies with silk fibroin and gelatin hy-

drogels crosslinked with MOF-methylene blue nanoparticles, reveal

enhancements in mechanical properties and bioactivity, promoting

high performance in biological applications where biological com-

patibility is essential (Fig. 10a) [91].

Integrating MOFs with gel matrices yields synergistic im-

provements in both functional and structural properties of 3D

printing inks. For example, MOF-based ionogels exhibit enhanced

colorimetric and mechanical characteristics, which contribute to

improved print stability and aesthetic qualities in printed materials

[92]. Additionally, incorporating photocurable resins with MOFs

for micro-optofluidic applications has shown significant gains in

optical and mechanical performance, underscoring the versatility

of gel-based inks across diverse fields [93]. By selecting polylactic

acid (PLA) as the matrix and incorporating highly porous HKUST-1

MOF, the composite material is endowed with enhanced adsorp-

tion functionality [94]. To improve flexibility and lower the glass

transition temperature (Tg), polyethylene glycol dimethyl ether

(PEGDME) is employed as a plasticizer, ensuring that the material

maintains excellent printability even with a 50% MOF loading.

Furthermore, to achieve a homogeneous slurry, solvent dispersion

and ball milling processes are utilized, promoting the uniform dis-

tribution of MOF particles and preventing brittle fractures caused

by particle agglomeration. In combination with the optimization

of extrusion process parameters, uniform 3D-printed filaments are

successfully fabricated. At the microstructural level, MOF particles

form a continuous network within the composite, preserving a

high specific surface area and an accessible adsorption window.

Overall, the successful 3D printing of long filaments with high

MOF loading overcomes the limitations of traditional loading

methods, streamlining the fabrication process and expanding the

potential for functional applications such as water treatment and

gas capture. This work exemplifies an advanced material design

strategy based on the synergistic optimization of composition,

structure, and performance.

Additionally, Idrees et al. [95] leveraged 3D printing technology

to construct a novel grid-reservoir-integrated anode using a UiO-

66-NH2 MOF precursor. Through the coordination and pyrolysis

of polydimethylsiloxane (PSO), a mesoporous carbon (MPC)-silicon

oxycarbide (SiOC) interpenetrating network was formed. The MPC

component provides high conductivity and a large specific surface

area, while SiOC enhances mechanical stability and optimizes zinc

nucleation behavior. Furthermore, the combination of MPC, SiOC,

and PVDF forms a shear-thinning gel, optimizing the ink’s rheolog-

ical properties and ensuring structural integrity after 3D printing.

The resulting well-defined grid structure effectively enhances Zn2+

storage capacity and mitigates dendrite formation, demonstrating

the potential of 3D-printed architectures for next-generation en-

ergy storage systems. These advancements emphasize the versatil-

ity of gel materials in optimizing ink performance for applications

ranging from biomedical devices to optoelectronic systems.

3.1.3. Challenges and mechanisms in MOF-gel ink development

The integration of MOFs and gel materials into 3D printing inks

offers several key advantages, particularly in modulating rheolog-

ical properties, drying rates, and mechanical performance. For ex-

ample, research on high-porosity filters fabricated with MOF com-

posites through selective laser sintering has shown how MOFs

can significantly influence the printing process by enhancing the

porosity and structural integrity of the printed materials [96]. Sim-

ilarly, studies on MOF-based mixed matrix films for water treat-

ment illustrate the versatility of MOFs in adjusting ink properties

to suit specific functional needs (Fig. 10b) [97]. The synergistic ef-

fects of combining MOFs with gel materials are also of signifi-

cant interest, as this pairing can further enhance the performance

of printable inks. For example, the development of multi-scale

MOF metamaterials for broadband microwave absorption high-

lights how the precise integration of MOFs with gel can result in

advanced functionalities, such as improved electromagnetic shield-

ing (Fig. 10c) [98].

Moreover, the use of MOF mixed-matrix coatings in 3D-

printed devices has demonstrated substantial improvements in

coating performance, especially when combined with gel materi-

als [99]. This combination enhances the material’s durability, ad-

hesion, and overall mechanical properties, making it ideal for high-

performance, complex 3D-printed structures. Additionally, research

on ABS-MOF composites for hydrogen storage has demonstrated

that MOFs can be engineered to create inks with tailored storage

capacities, emphasizing the crucial role of MOFs in improving the

functional properties of 3D-printed materials [100].

Despite the significant potential of MOFs and gel materials in

modulating printable inks, several challenges remain. One of the

primary obstacles is the efficient dispersion and stability of MOFs
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Fig. 11. Enhanced rheological and electrochemical performance of MOF-derived

frameworks. (a) Preparation and characterization of 3D-printed Co-MOF-derived hi-

erarchical framework, highlighting its influence on ink rheology and flow char-

acteristics for enhanced printability and electrochemical performance. Reprinted

with permission [102]. Copyright 2018, Wiley-VCH. (b) Schematic illustration of

the lithium plating process, showing how the structural properties of MOF-derived

frameworks impact electrode porosity, conductivity, and battery performance dur-

ing Li–O2 and lithium metal battery operation. Reprinted with permission [103].

Copyright 2019, Elsevier.

within the ink matrix, which is crucial for achieving uniformity

in the printed structure. Additionally, controlling the cross-linking

of gels is vital for maintaining the desired rheological properties

and mechanical performance during and after printing. Future

research should focus on optimizing the synthesis and dispersion

techniques of MOFs to ensure more stable, homogeneous mixtures,

and develop advanced cross-linking strategies for gel materials to

improve the overall printing process.

3.2. MOF derivatives for high-performance 3D printing

The integration of MOF derivatives into printable inks has revo-

lutionized 3D printing by offering enhanced control over ink prop-

erties and print quality [101]. MOF-derived materials, with their

unique structural characteristics and versatile functionality, play a

pivotal role in fine-tuning the rheological and mechanical proper-

ties of inks. This section reviews recent advancements in the use of

MOF-derived materials for tuning printable inks, highlighting their

influence on ink formulation strategies and overall print perfor-

mance.

MOF-derived materials provide considerable advantages in

modulating the rheological properties of printable inks. One

prominent example is the integration of MOF-derived, hierarchi-

cally porous frameworks into inks, which has shown a profound

ability to influence flow characteristics and ink stability (Fig. 11a)

[102]. For instance, MOF-derived porous frameworks have been

crucial in enhancing the printability and electrochemical perfor-

mance for high-energy density Li–O2 and lithium metal batteries.

The hierarchical porosity of these frameworks allows for precise

control over ink viscosity and flow behavior, ensuring structural

stability while optimizing electrochemical performance. By control-

ling the distribution and viscosity of MOF particles within the ink,

formulations can be tailored to modulate electrode porosity and

conductivity, and ultimately, battery performance. Careful regula-

tion of rheology, including viscosity, and dispersion is crucial for

adapting to diverse printing processes and meeting the specific

requirements of electrodes (Fig. 11b) [103]. By tailoring the MOF

structure, the dispersion and interaction of MOF particles within

the ink matrix can be manipulated. This adjustment directly im-

pacts both print quality and the functionality of the final product,

showcasing the flexibility of MOFs in a variety of 3D printing ap-

plications.

MOF derivatives also play a crucial role in enhancing the me-

chanical properties of 3D-printed structures. One example is the

use of MOF-based Boehmite inks for producing Fe/γ -Al2O3 mono-

liths [104]. The study demonstrated that the inclusion of MOF-

derived materials improves the structural integrity and mechanical

strength of printed objects. The inclusion of MOF-derived materi-

als enhances the ability of inks to form robust and durable prints,

which is essential for applications requiring high mechanical sta-

bility.

Similarly, the development of porous magnetic carbon materials

derived from MOFs further highlights the impact of these materi-

als on the mechanical properties of printed structures [105]. The

incorporation of MOF-derived magnetic carbon into the ink ma-

trices enhances enhance the mechanical performance and dimen-

sional stability of the printed objects, making them more suitable

for demanding applications.

The functionalization of MOF derivatives offers significant ad-

vantages in tailoring ink properties for specific applications.

For instance, ZIF-8 has been employed in the development of

near-infrared light-responsive biosensors, demonstrating how MOF

derivatives can be fine-tuned to enhance their responsiveness to

external stimuli, thereby increasing the versatility of printable

inks [106]. Additionally, the integration of MOF-derived microp-

orous Mn2O3-modified electrodes in microfluidic devices has been

shown to significantly enhance functionality, including real-time

detection capabilities [107]. The increased surface area and con-

trolled porosity of these MOF materials facilitate rapid analyte

interaction, leading to improved detection sensitivity and perfor-

mance. This adaptability emphasizes the potential of MOF deriva-

tives to expand the range and capabilities of printable ink, enabling

a variety of advanced applications.

Despite these advancements, several challenges remain in

optimizing MOF-derived materials for ink modulation. Key issues

include achieving uniform dispersion of MOFs within inks, en-

suring the stability of these particles during the printing process,

and understanding their interactions with other ink components.

Addressing these challenges will require ongoing research focused

on refining the synthesis and integration of MOF derivatives into

printable inks. Future studies should focus on developing novel

MOF structures with tailored properties that address specific print-

ing requirements. Additionally, a deeper understanding of how

MOFs interact within the ink matrix will be critical for achieving

more effective control over ink behavior and improve overall print

quality. Advancements in sustainable MOF synthesis methods and

the development of hybrid materials with customizable properties

for broader applications will further enhance the potential of MOF

derivatives in 3D printing.

In summary, MOFs derivatives provide a powerful tool for mod-

ulating the rheological, mechanical, and functional properties of

printable inks. By strategically manipulating the structure of MOFs

and incorporating them into inks, researchers can achieve superior
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Fig. 12. Optimizing 3D printing of MOF structures: Ink formulation, precision printing, and preparation process. (a) HKUST-1gel loaded into a syringe showing different

3D printed structures formed from the MOF ink. Reprinted with permission [108]. Copyright 2019, American Chemical Society. (b) 3D printing of a pure metal−organic

framework, showing the effect of nozzle diameter on print resolution and structural integrity. Reprinted with permission [110]. Copyright 2022, American Chemical Society.

(c) Schematic illustration of the 3D-printed MOF monolith preparation procedure, highlighting the steps involved in ink formulation and printing optimization. Reprinted

with permission [109]. Copyright 2017, American Chemical Society.

print quality, functionality and performance. Continued research in

this area promises further advancements in 3D printing technol-

ogy, driven by the innovative application of MOF derivatives.

3.3. Pure MOF: Structural integrity in additive manufacturing

The application of pure MOF materials in 3D printing has seen

significant advancements, driven by strategies to optimize ink for-

mulations and printing techniques. These optimizations are essen-

tial for achieving superior printing outcomes, ensuring high-quality

printed structures with enhanced functionality.

Effective incorporation of MOF materials into 3D printing inks

requires the precise formulation of inks to ensure stable and

consistent printing. A key strategy involves refining the solvent

and surfactant compositions to improve the dispersion of MOF

particles and prevent particle agglomeration., This approach en-

sures uniformity and integrity throughout the printing process

(Fig. 12a) [108]. By preventing particle agglomeration, the ink

maintains consistent flow and ensures the printed structure’s

quality and stability. Moreover, adapting ink viscosity is critical

for accommodating various printing techniques. The viscosity is

adjusted by varying the concentration of binders, ensuring the

ink is compatible with both inkjet and extrusion-based printing

methods (Fig. 12c) [109]. This flexibility allows for tailored ink

formulations that are optimized for diverse printing approaches,

enabling precision and high-resolution printing.

Equally important is the optimization of printing parameters,

which directly influence the precision and quality of 3D-printed

MOF-based constructs. Adjustments to printing parameters, such

as nozzle diameter, printing speed, and interlayer adhesion, are es-

sential for achieving the desired structural integrity, particularly for

microstructures. The precise control of these parameters ensures

that the final print meets the required specifications in terms of

resolution and strength (Fig. 12b) [110]. Additionally, the incorpo-

ration of support materials plays a key role in preventing defor-

mation during the printing process, especially when printing com-

plex geometries. These supports maintain the structural stability

of MOF monoliths, which are often prone to distortion due to the

material’s inherent properties [111].

The selection and modification of ink types are critical to

achieving successful 3D printing outcomes. Aqueous inks, with

their lower viscosity, are well-suited for inkjet printing, where

fine details and high resolution are required. In contrast, organic

solvent-based inks are more appropriate for extrusion printing as

their higher viscosity allows for the formation of more robust and

stable structures [112]. Additionally, chemical modifications to the

ink are essential for enhancing the adhesion between MOF parti-

cles and printing substrates. These modifications enhance the over-

all print quality by improving the bonding strength and structural

stability of the printed materials, ensuring durability in the final

structures [113].

In summary, significant progress has been made in applying

pure MOF materials in 3D printing. Key strategies include optimiz-

ing ink formulations, adjusting printing methods, and selecting the

appropriate ink types. These optimization strategies ensure the ef-

fective utilization of MOF materials into the printing process, en-

hancing the quality, precision, and durability of the printed struc-

tures. By refining these strategies, the full potential of MOFs can

be realized in 3D printing applications, unlocking new possibilities

for advanced material design and functional devices.

3.4. MOF composites: Revolutionizing hierarchical and functional

structures

The integration of MOF composites into 3D printing inks and

techniques has become a focal point for advancing material per-

formance and structural design in additive manufacturing [114–

117]. The following section reviews the application of MOF com-

posites in 3D printing, detailing various strategies for ink modula-

tion, types of composites used, and printing techniques to optimize

functional outcomes.

The development of hierarchical structures using MOF-based

composites has significantly enhanced the performance and print-

able inks [111]. One notable approach is the combination of MOFs

with clay to create 3D-printed hierarchical porous architectures

(Fig. 13a). This integration improves the dispersion and stability

of MOF particles within the ink, preventing particle aggregation

and ensuring a consistent flow during printing process. By fine-

tuning the rheological properties of the ink, challenges such as

MOF particle aggregation are effectively addressed, leading to uni-

formly printed structures that maintain structural integrity. Simi-

larly, the formulation of an Al-based MOF/S cathode composite ink

highlights the importance of controlling ink viscosity and achiev-

ing homogeneous particle distribution (Fig. 13b) [112]. These ad-

justments are crucial for maintaining the stability of the printed

cathodes, ensuring high-quality prints even for complex 3D struc-

tures. These findings emphasize how the optimization of ink com-

position directly impacts the printing outcome, improving both the

resolution and mechanical properties of the final product.

The synergistic effects of Ni2+-intercalated cobalt organic

frameworks in 3D-printed micro-supercapacitor electrodes high-

light the importance of optimizing the interaction between MOF
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Fig. 13. MOF-based composite ink formulation and 3D printing processes for advanced material structures. (a) Schematic representation of the fabrication of the 3D-

MOF@clay composite structure, highlighting the integration of MOF particles with clay to form hierarchical porous architectures. Reprinted with permission [111]. Copyright

2022, The Royal Society of Chemistry. (b) Schematic illustration of the preparation of Al-based MOF/S composite ink and the 3D printing process, emphasizing the importance

of controlling ink viscosity and particle distribution for high-quality prints. Reprinted with permission [112]. Copyright 2023, The Royal Society of Chemistry. (c) Schematic

illustration of the preparation of VZN composite ink for 3D printed micro-supercapacitor, focusing on the optimization of ink composition to improve structural stability and

conductivity. Reprinted with permission [118]. Copyright 2023, Wiley-VCH. (d) Schematic diagram depicting the controllable adjustment of material morphology by increas-

ing the variety of phosphides through multivalent nickel metal doping under nitrogen protection atmosphere, enhancing material performance in energy storage devices.

Reprinted with permission [119]. Copyright 2024, Wiley-VCH. (e) Schematic diagram illustrating the formulation of a 3D-printed composite ink based on MOFs derived active

material and graphene aerogels, highlighting the balance of viscosity, dispersion, and printability. Reprinted with permission [120]. Copyright 2022, Elsevier.

particles and conductive polymers within the ink (Figs. 13c and

d) [118,119]. By adjusting the ink composition, both the electrical

conductivity and structural stability of the printed electrodes are

significantly improved. These advancements emphasize the critical

role of ink formulation in creating high-performance 3D-printed

devices, particularly in energy storage applications.

Recent developments in composite inks incorporating MOFs

alongside materials such as graphene aerogels and cellulose have

significantly expanded the potential for 3D printing for a variety

of applications (Fig. 13e) [120]. The rational design of these com-

posite inks is crucial for ensuring printability and functionality. For

example, combining MOF-derived active materials with graphene

aerogels has proven effective in applications like alkaline battery-

supercapacitor hybrid devices. Achieving the optimal balance of

viscosity, dispersion, and printability through careful selection and

modification of ink components is essential for the success of these

applications.

Another promising innovation is the development of sustain-

able composite inks using cellulose and zeolitic imidazolate frame-

works (ZIFs). These inks enable the 3D printing of structures with

functional properties such as CO2 and heavy metal ion adsorption

(Fig. 14a) [121]. The careful choice of binders and solvents plays

a vital role in optimizing rheological properties, ensuring high-

resolution and precise printing of complex structures. This inno-

vation highlights the importance of tailoring ink formulations to

meet specific performance requirements in advanced 3D printing

applications.

In summary, the modulation of printable inks using MOF com-

posites is a multifaceted process that requires careful consideration

of various factors including particle dispersion, viscosity, rheolog-

ical properties, and the interaction between MOFs and other ink

components. The studies reviewed in this section demonstrate the

versatility of MOF-based composite inks in overcoming challenges

related to 3D printing, paving the way for the development of ad-

vanced materials with tailored properties. By strategically optimiz-

ing ink formulations, researchers have successfully integrated MOF

composites into a wide range of 3D-printed structures, showcasing

the potential of these materials in the ever-evolving field of addi-

tive manufacturing.

3.5. 3D printing templates for MOF integration

These templates not only serve as the structural foundation for

printing but also significantly influence the functionality and per-

formance of the final printed material. This section outlines the

key methods for fabricating MOF-based templates including spray-

ing, dripping, casting, in-situ growth, and hybrid integration, high-

lighting their role in enhancing the properties of printed materials.

3.5.1. MOF spraying techniques for controlled deposition

MOF spraying techniques are pivotal in applying MOF materi-

als onto substrates or integrating them into 3D-printed structures,

typically resulting in thin films or coatings [122–124]. This ap-

proach is particularly useful for creating mixed matrix thin-film

membranes, where MOFs are uniformly distributed within a poly-

mer matrix, leading to enhanced properties. The use of spray coat-

ing methods also facilitates the integration of functionalized MOFs

onto 3D-printed devices, optimizing the interaction between the

coating and the structure to enhance overall device performance

(Fig. 14b) [125].

Spraying techniques offer great versatility, enabling the de-

position of MOFs onto complex 3D-printed constructs with tai-

lored functionalities. This adaptability allows for the development

of MOF-functionalized structures that can enhance properties like

conductivity, catalytic activity, and mechanical stability for a wide

range of applications. The precision of spray-based deposition,
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Fig. 14. Advancements in MOF-based 3D printing: Techniques, inks, and functional applications. (a) Schematic representation of the synthesis and 3D printing of cellulose-

ZIF8 hybrid inks with and without curcumin, showcasing their potential for functional material design. Reprinted with permission [121]. Copyright 2018, Wiley-VCH. (b)

Schematic representation of the preparation, process for integrating MOFs into 3D-printed structures, emphasizing their role in enhancing performance. Reprinted with

permission [125]. Copyright 2021, Elsevier. (c) Manufacturing route for 3D nano-architected metal oxide semiconductors, using MOF-based composite inks, highlighting the

precision of the process. Reprinted with permission [127]. Copyright 2021, Wiley-VCH. (d) Overview of state-of-art MOF technologies, comparing the use of bulk powder (left)

and post-synthetic adsorption of MOFs on polymer surfaces (center), one-pot growth of MOF on 3D-printed materials with functional groups for the covalent immobilization

of the MOF (right), illustrating the versatility in MOF integration techniques for advanced materials. Reprinted with permission [140]. Copyright 2023, Elsevier.

along with the ability to control thickness and uniformity, posi-

tions this technique as an effective strategy for advancing MOF-

based functionalization in 3D printing.

3.5.2. Dripping and casting techniques for complex designs

Dripping and casting are liquid-phase processes used to inte-

grate MOF materials into 3D-printed structures, often resulting in

complex shapes or enhanced properties [126]. Dripping techniques

utilize composite photoresins containing metal-bound MOFs to cre-

ate nano-architected structures. These structures are then cured

into solid matrices, often semiconductor-based providing high pre-

cision and intricate detailing (Fig. 14c) [99,127]. This method is par-

ticularly useful for incorporating MOFs into specific regions of a

structure, enabling the creation of localized functionalities.

Casting techniques, on the other hand, involve embedding

MOFs, such as HKUST-1, into 3D-printed metal lattices [128]. This

approach requires uniform MOF distribution throughout the lat-

tice structure, ensuring both structural integrity and optimizing

functional performance. Additionally, casting techniques have been

adapted to synthesize MOF/SiO2 composites, offering flexibility in

tailoring material properties [129]. The flexibility of casting in cre-

ating composites with specific attributes highlights its adaptability

across various MOF systems and functionalities [127–129].

The complementary nature of dripping and casting techniques

offers pathways for integrating MOFs into 3D-printed materials.

While dripping excels in the precision of nano-architectures, cast-

ing focuses on uniform integration, making it ideal for larger-scale

applications that demand structural consistency. Together, these

methods provide a versatile toolkit for embedding MOFs into 3D-

printed materials.

3.5.3. In-situ growth strategies for advanced MOF applications

In-situ growth techniques enable the direct formation of MOFs

on or within 3D-printed substrates, creating structures with seam-

lessly integrated functionalities [130–138]. A common approach in-

volves solvothermal synthesis, where MOFs framework grows di-

rectly within pre-printed structures, enhancing the functionality of

the substrate (Fig. 14d). This method results in a well-integrated

MOF network that can significantly improve properties such as

chemical stability, catalytic activity, and electrical conductivity.

Bauza et al. [139] integrated ZIF-8 metal-organic frameworks

(MOFs) with 3D printing technology, employing an in situ growth

method to deposit ZIF-8 onto the surface of a 3D-printed sub-

strate. Subsequently, high-temperature carbonization was utilized

to prepare ZIF-8-derived carbon (c-ZIF-8) with a hierarchical

microporous-mesoporous structure. This process not only elimi-

nates the Zn component, thereby enhancing the water stability of

the material, but also preserves structural integrity through strong

interfacial bonding between the MOFs and the substrate. From a

material control perspective, the interconnected cubic array struc-

ture fabricated via 3D printing optimizes the specific surface area,

effectively improving the overall performance of the material.

Another promising method is one-pot growth, where MOFs are

synthesized directly on polymeric substrates during the 3D print-

ing process. This allows for a seamless incorporation of MOFs into

the polymer matrix, reducing processing complexity while main-

taining material properties [140]. Additionally, the integration of

MOFs within nanocellulose matrices through in-situ growth com-

bines the unique properties of both materials, leading to innovative

3D-printed structures with enhanced mechanical strength, poros-

ity, and surface area [121,124,141]. These diverse in-situ techniques
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demonstrate the flexibility of in-situ growth techniques in embed-

ding MOFs into 3D-printed substrates, contributing to the advance-

ment of functional materials with tailored properties.

3.5.4. Hybrid and functionalized MOF templates for multi-functional

devices

The strategic combination of MOFs with other materials or

their functional modification plays a crucial role in enhancing the

properties of 3D-printed structures. One effective approach inte-

grates MOFs into flexible fibers, resulting in high MOF loading

while preserving adaptability of materials across diverse applica-

tions [76,142–145]. For example, the incorporation of magnetic

MOFs into 3D-printed microchips exploits the inherent magnetic

properties of MOFs, significantly expanding their utility in ana-

lytical applications [145]. Functionalizing MOFs for precise control

over their physical, chemical, and mechanical properties, further

enhances the potential of 3D printing technologies. This strategy

not only improves the overall functionality of the printed struc-

tures but also enables the development of materials with cus-

tomized properties, making them suitable for a wide range of ap-

plications from biomedical devices to energy storage systems. By

combining MOFs with other materials and modifying their proper-

ties, researchers can create 3D-printed devices with enhanced per-

formance, pushing the boundaries of functional material design.

3.6. Innovative approaches in MOFs integration for 3D printing

The integration of MOFs into 3D-printed structures is an evolv-

ing area of research that leverages various techniques to en-

hance the properties and functionalities of advanced materials.

This section explores three prominent approaches: The exploration

and implementation of ink regulation strategies, the application

of MOFs in functionalized structures, and advancements in high-

precision 3D printing technologies.

3.6.1. Novel approaches to ink regulation for enhanced MOF

integration

The design and regulation of inks are essential to advancing

3D printing technologies, particularly for the fabrication of mate-

rials with enhanced functionalities. A breakthrough development

in this area involves the creation of a universal room-temperature

3D printing technique for producing porous MOF-based hybrid

solid-state electrolytes. This method significantly improves safety

and stability by inhibiting dendrite growth in battery systems

(Fig. 15a) [146]. The application of MOFs for active ink regulation

has also shown promise in ZIBs, where 3D-printed energy storage

grids have been successfully incorporated into anodes, achieving

dendrite-free growth (Fig. 15b) [147]. These studies emphasize the

critical role of ink regulation in improving the functionality and

stability of advanced materials used in energy storage devices.

3.6.2. Functionalized MOFs for next-generation structural applications

The structural functionalization of MOFs plays a crucial role

in the advancement in the field of 3D printing technologies

[116,148,149]. Recent studies have demonstrated the potential of

MOFs in enhancing the functional properties of 3D-printed struc-

tures. For example, 3D-printed zeolitic imidazolate framework have

shown remarkable improvements in adsorptive separation perfor-

mance, highlighting their potential for applications in gas sepa-

ration and filtration (Fig. 15c) [150,151]. Similarly, the growth of

UTSA-16 MOFs within 3D-printed co-kaolin monoliths has shown

high selectivity in CO2/CH4, CO2/N2, and CO2/H2 separations,

showcasing the versatility of MOFs in environmental and industrial

applications [152–155]. These examples highlight the growing po-

tential of MOFs in creating highly functional 3D-printed materials

for a range of applications, from selective adsorption to catalytic

processes.

Fig. 15. Innovative strategies for integrating MOFs in 3D printing: Ink regulation,

functionalized structures, and precision fabrication. (a) Schematic illustration of the

universal room-temperature 3D printing strategy for producing dendrite-free solid-

state lithium metal batteries, highlighting the enhancement of safety and stabil-

ity through the suppression of dendrite growth. Reprinted with permission [146].

Copyright 2023, Wiley-VCH. (b) Schematic representation of the laser powder bed

fusion apparatus for the fabrication of Cu-based flow reactors in a cylinder shape,

for energy storage applications, showcasing the precision of additive manufactur-

ing in reactor design. Reprinted with permission [147]. Copyright 2023, American

Chemical Society. (c) Schematic overview of the synthesis procedure used to create

ZIF-8-based 3D-printed structures, where ZIF-8 powder, methylcellulose, and ben-

tonite are mixed with water to form a printable paste for additive manufacturing.

Reprinted with permission [150]. Copyright 2019, American Chemical Society.

3.6.3. Advances in high-precision 3D printing with MOFs

Beyond ink regulation and structural functionalization, advance-

ments in high-precision 3D printing technologies are propelling

the development of novel MOF-based materials with complex

structures and enhanced functionalities. One notable advancement

is the use of two-photon polymerization for 3D printing of intri-

cate structures within MOFs single crystals, demonstrating new ca-

pabilities for the precise manipulation of MOF materials [156]. This

opens up new possibilities for fabricating advanced materials with

tailored properties. Additionally, the integration of metal 3D print-

ing with surface chemical engineering of MOFs has been shown

to enhance liquid-phase catalytic hydrogen production, further en-

hancing the potential of MOF-based materials for energy conver-

sion applications [157]. These advancements highlight that high-

precision 3D printing technologies not only facilitate the creation

of complex architectures but also impart novel functional proper-

ties to materials, paving the way for future applications in energy

storage, conversion, and beyond.

3.7. Rheomechanical mechanism analysis of MOF-based materials in

3D printing

3.7.1. Interaction mechanisms between components

The synergistic effects between MOFs and matrices are primar-

ily manifested in electrostatic interactions, hydrogen bonding net-

works, physical crosslinking, and additive modulation mechanisms.

MOF particles (e.g., MOF-525, ZIF-8) form interconnected networks

with matrices (e.g., cellulose nanocrystals (CNC), Pluronic F127)

through electrostatic interactions, thereby enhancing the mechan-
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ical properties of energy storage materials. For instance, the elec-

trostatic interactions between MOF-525 and CNC in deep eutectic

solvents (DES) significantly improve the storage modulus (G′) and

yield stress of the composite [92]. Additionally, hydrogen bond-

ing interactions (e.g., between ZIF-8 and TEMPO-oxidized cellu-

lose nanofibers (TOCNF)) enhance the viscoelasticity of the ink,

facilitating the formation of self-supporting gel structures [121].

MOFs acting as nanofillers (e.g., HKUST-1 gels) can also integrate

with polymer chains (e.g., F127, PDMS) via van der Waals forces

to construct rigid networks, effectively suppressing shear-induced

deformations.In terms of additive modulation, crosslinkers (e.g.,

N,N′-methylenebisacrylamide (MBA)) increase the Young’s modu-

lus by enhancing covalent crosslinking density. However, exces-

sive crosslinking reduces toughness, as exemplified by the optimal

toughness achieved at 0.5mol% MBA [92]. Conversely, surfactants

(e.g., Pluronic F127) adsorb onto the hydrophobic surfaces of MOFs

and form micellar networks through hydrophilic chains, stabilizing

suspensions and amplifying shear-thinning effects. This mechanism

plays a critical role in applications such as lithium-oxygen (Li-O2)

battery frameworks [102].

3.7.2. Correlation between rheological properties of MOF-based inks

and 3D printing performance

Shear-thinning behavior is pivotal in the 3D printing of MOF-

based inks. Its underlying mechanism involves the rupture of

physical connections between MOF particles under high shear

rates (>100 s−1), leading to a drastic viscosity reduction (e.g., a

three-order-of-magnitude drop in viscosity for MOF-Fe/SiC inks)

to enable smooth extrusion. Upon shear cessation, the network

rapidly self-heals, restoring viscosity (e.g., G′ recovery time < 1 s

for HKUST-1 gels), ensuring shape fidelity [104,108]. High storage

modulus (G′ > 104 Pa) and yield stress (τ y > 200Pa) are critical

to suppressing filament collapse post-extrusion, guaranteeing sta-

ble interlayer stacking (e.g., MOF-Fe/SiC inks with G′ =105 Pa and

τ y =2.5×103 Pa). For elastically dominated inks (G′ > G′′, e.g., Co-
MOF-F127 gels with G′/G′′ ≈ 10), their anti-creep capability sup-

ports unsuspended architectures, making them suitable for appli-

cations such as Li-O2 batteries [102]. Additionally, optimizing τ y

balances filament fusion and interlayer adhesion, as demonstrated

by boehmite-based inks with 52wt% solid content exhibiting op-

timal performance. Frequency-independent G′ plateaus (e.g., Co-

MOF-F127) further ensure structural stability during printing, pre-

venting layer misalignment caused by oscillations.

4. Applications of MOF-MXene composite functional materials

in 3D printing

In recent years, multifunctional composite materials based on

MOFs and MXene have demonstrated significant potential in en-

ergy storage and flexible electronic devices. Benefiting from their

customizable porous structures, high specific surface area, and ex-

cellent electrical conductivity, researchers have combined innova-

tive synthesis strategies with advanced manufacturing techniques,

such as 3D printing and microfluidic regulation, to achieve precise

multiscale structural design and performance optimization of MOF-

MXene composites.

To address the challenges associated with the easy loss and

difficulty of recycling traditional powder adsorbents, Shahriyari

Far et al. [116] proposed a synergistic strategy combining in situ

solvothermal synthesis and DLP 3D printing to fabricate hierarchi-

cally porous MXene/UiO-66 composite adsorbents. The solvother-

mal method enabled the in-situ growth of UiO-66 crystals on the

surface of Ti3C2Tx MXene nanosheets, enhancing the material’s hy-

drophilicity and adsorption capacity. Meanwhile, DLP printing en-

dowed the material with complex topological structures, optimiz-

ing fluid dynamics and significantly improving its dye removal ef-

ficiency and cycling stability.

In the field of zinc-ion batteries, Lu et al. [158] developed a

microfluidics-assisted 3D printing (M3DP) technique to achieve the

dynamic assembly of MXene/Cu-THBQ heterostructures and the

uniform coating of Zn-P anodes. The synergistic effects of ultra-

sound and magnetothermal activation in the microfluidic channel

facilitated the formation of conductive MOF-MXene heterointer-

faces, optimizing Zn2+ flux distribution and suppressing dendrite

growth. Furthermore, the M3DP technique enabled the fabrication

of porous aerogel electrodes, which significantly enhanced the cy-

cling lifespan of the battery.

For flexible electronic applications, Rana et al. [159] designed

a multilayer textile-based triboelectric nanogenerator (M-TENG),

leveraging the synergistic effects of MOF-525, Co-NPC, and MXene

to achieve efficient charge generation, capture, and transport. MOF-

525, with its high dielectric constant, enhanced charge density,

while the porous Co-NPC layer served as a charge trap, and MX-

ene nanosheets accelerated charge transport via a micro-capacitor

effect. Additionally, 3D-printed biomimetic micropillar arrays in-

creased the device’s contact area, while hydrophobic surface mod-

ifications improved its environmental adaptability.

Furthermore, Zhou et al. [118,119] proposed a coordination engi-

neering strategy to modulate the structure of MOF-based materials.

By partially substituting Co2+ in Co-MOF with Ni2+, followed by

phosphidation, NiCoP multi-metallic phosphides were generated,

leading to enhanced electron mobility and reduced charge trans-

fer resistance. Utilizing 3D printing, NiCo-MOF@V2O5 composites

were co-printed with MXene ink to construct interdigitated micro-

supercapacitors, significantly improving areal capacitance and en-

ergy density.

Overall, the research on MOF-MXene composites is advancing

toward precise structural modulation, multifunctional integration,

and the convergence of advanced manufacturing techniques, pro-

viding new avenues for the development of high-performance en-

ergy storage devices and environmental remediation technologies.

5. Advanced applications of MXene- and MOF-based materials

in 3D printed energy storage devices

The integration of MXene and MOF-based materials into 3D-

printed structures holds transformative potential for energy storage

devices, offering solutions to key challenges in scalability, perfor-

mance, and design flexibility. MXene, a family of two-dimensional

transition metal carbides and nitrides, exhibit a unique combina-

tion of properties that make them particularly well-suited for en-

ergy storage applications such as batteries [147,160–163] and su-

percapacitors [164,165]. Additionally, their inherent mechanical ro-

bustness and tunable surface functional groups, such as hydroxyl,

fluorine, and oxygen, make them highly versatile for diverse appli-

cations. The ability to form stable, printable inks further highlights

their compatibility with advanced manufacturing processes like 3D

printing, enabling the fabrication of complex and customizable en-

ergy storage architectures with enhanced performance.

Similarly, MOFs provide complementary advantages through

their highly porous structures, extraordinary surface areas, and

flexible chemical compositions. These attributes allow MOFs to

act as efficient hosts for active species or facilitate ion transport

within energy storage devices. Their tunable pore size and chem-

istry make them suitable for optimizing ion diffusion pathways,

which is critical for improving energy density and cycling stabil-

ity. Furthermore, MOF-based materials can be integrated into hy-

brid systems, enhancing the electrochemical properties of MXene

and other conductive substrates by providing additional active sites

and improving charge transfer dynamics [116,166–169].
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The synergy between MXene and MOFs opens up exciting

opportunities for designing hybrid materials that leverage the

strengths of both components. For instance, MXene can enhance

electrical conductivity in MOF-based systems, while MOFs can pro-

vide additional pathways for ion transport and storage, address-

ing the limitations of each material individually. When integrated

into 3D-printed architectures, these materials enable precise con-

trol over device design and geometry, unlocking new possibilities

for custom-tailored energy storage solutions. Moreover, the com-

bination of MXene and MOFs aligns with the growing demand

for scalable, sustainable, and high-performance materials in energy

technology. The ability to engineer these materials into complex

3D structures through printing technologies such as inkjet, extru-

sion, or SLA makes them highly suitable for advanced applications,

including wearable electronics, portable power sources, and grid-

level energy storage systems.

In the following sections, we delve deeper into the advantages

of MXene- and MOF-based materials, categorizing their applica-

tions across various electrochemical devices. Key findings from the

literature will highlight their performance metrics, practical chal-

lenges, and future prospects, providing a comprehensive under-

standing of their role in shaping the future of energy storage.

5.1. MXene-based applications in 3D printing

5.1.1. MXene-based supercapacitors

MXene, a class of 2D transition metal carbides, nitrides, or

carbonitrides, have become a promising material for supercapac-

itors due to their exceptional electrical conductivity, tunable sur-

face chemistry, and mechanical strength. These properties enable

fast charge/discharge rates, high power density, and long cycle life,

which are crucial for supercapacitor performance. The high con-

ductivity of MXene ensures rapid electron transport, while their

large surface area provides numerous active sites for energy stor-

age, enhancing capacitance of supercapacitors. Moreover, their sur-

face chemistry can be tailored with functional groups such as –

OH, –F, and –O, optimizing their interaction with electrolytes and

improving ion adsorption. Additionally, the remarkable mechani-

cal strength of MXene ensures the structural integrity of superca-

pacitors during prolonged cycling. In 3D-printed supercapacitors,

MXene excel due to their ability to form stable inks with high

conductivity, allowing for the fabrication of complex, customizable

geometries that increase surface area and electrolyte penetration.

This results in improved performance and the ability to create su-

percapacitors with tailored form factors for specific applications,

such as wearable or flexible electronics. Furthermore, MXene are

ideal for MSCs, which are small-scale, high-performance devices

used in portable electronics applications. 3D printing enables pre-

cise control over the design of these MSCs, ensuring they meet the

power and energy demands of compact devices. Together, MXene

and 3D printing offer a versatile approach to creating advanced,

high-performance supercapacitors for the next generation of en-

ergy storage applications.

MSCs have emerged as a vital application area for MXene-based

materials in 3D printing, primarily due to their high power den-

sity, long cycle life, and exceptional energy storage capabilities

[43,170,171]. For example, additive-free 2D Ti3C2Tx MXene ink was

utilized to fabricate MSCs, achieving ultra-high energy densities.

This advancement demonstrated ability of MXene to deliver ex-

ceptional electrochemical performance without the need for ad-

ditional conductive additives, simplifying the ink formulation pro-

cess. A critical aspect highlighted in this work is the optimization

of ink viscosity and printability, which are essential for producing

high-resolution 3D structures with enhanced energy storage char-

acteristics. Further advancing this field, the direct 3D printing of

MSCs using additive-free MXene inks has demonstrated both scala-

bility and adaptability. These inks enabled the construction of com-

plex micro-architectures, while maintaining excellent electrochem-

ical properties (Fig. 16a) [42]. A notable challenge addressed in this

work was balancing ink rheology to meet the dual demands of

printability and electrochemical performance, a common challenge

in MXene-based 3D printing research.

Another significant breakthrough involved the fabrication of

high-voltage aqueous MSCs via 3D printing, achieving ultrahigh

areal energy density and demonstrating robust low-temperature

performance (Fig. 16d) [172]. This research exemplified the ver-

satility of MXene-based inks across diverse environmental condi-

tions. The ability to fine-tune MXene surface chemistry through

3D printing techniques further enhances ionic conductivity and en-

ergy storage, positioning MXene as a promising material for next-

generation MSCs.

Beyond MSCs, MXene-based materials have demonstrated im-

mense potential in hybrid capacitors [68,69]. The 3D printing

of porous nitrogen-doped Ti3C2Tx MXene scaffolds has enabled

the development of high-performance sodium-ion hybrid capaci-

tors. Nitrogen doping enhances electronic conductivity and elec-

trochemical activity, significantly improving energy storage perfor-

mance. This advancement underscores the importance of 3D print-

ing in controlling the porosity and surface area of MXene-based

materials, which are critical factors in optimizing the functionality

and efficiency of hybrid capacitors.

Similarly, the development of 3D-printed Zn-ion hybrid capaci-

tors using divalent cation-gelated additive-free Ti3C2Tx MXene ink

has highlighted the promising potential of MXene in multi-valent

ion storage [69]. These devices offer superior energy densities and

extended cycle lives, paving the way for advanced energy storage

devices. Such progress highlights the adaptability of MXene-based

materials for a wide range of next-generation energy storage tech-

nologies.

The inherent flexibility and mechanical robustness of MXene-

based materials have been effectively utilized in the development

of innovative flexible energy storage devices [64]. Advances in 3D

printing have enabled the creation of stretchable MSCs with out-

standing areal performance, demonstrating the adaptability of MX-

ene inks for wearable and portable electronics. This approach em-

phasizes the importance of optimizing the mechanical properties

of MXene-based materials to achieve a balance between high elec-

trochemical performance and mechanical stability.

Additionally, functionalization of 3D-printed MXene electrodes

has emerged as a key strategy for enhancing the performance

of flexible electrochemical capacitors [62]. By tailoring the sur-

face properties of MXene, researchers have improved the capaci-

tive performance, durability, and flexibility of energy storage de-

vices. These developments highlight the potential of MXene-based

materials in producing high-performance, flexible energy storage

solutions.

In brief, MXene-based materials represent a versatile and pow-

erful class of materials for 3D-printed electrochemical energy stor-

age in supercapacitors. Their unique combination of electrical con-

ductivity, tunable surface chemistry, and mechanical properties

makes them ideal candidates for a wide range of applications, from

MSCs to hybrid capacitors and flexible energy storage devices. The

existing literature highlights the importance of optimizing ink for-

mulation, printability, and material functionalization to fully ex-

ploit the potential of MXene in 3D printing. As the field continues

to evolve, future research should focus on addressing challenges

such as long-term stability, scalability, and further enhancement of

electrochemical performance, paving the way for widespread adop-

tion of MXene-based 3D-printed energy storage devices in diverse

applications.
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Fig. 16. Advancements in 3D-printed MXene-based MSCs and sensing devices: Performance, flexibility, and scalability. (a) Electronic conductivity of extrusion-printed Ti3C2Tx
MXene lines plotted as a function of bending degree (top) and bending cycles (bottom), demonstrating the material’s flexibility and durability. Reprinted with permission

[42]. Copyright 2019, Nature. (b) Electrochemical performance of dual-ion storage 3D-printed Ti3C2Tx MXene cathodes, highlighting enhanced performance through pseudo-

capacitive and double-layer capacitive behaviors. Reprinted with permission [69]. Copyright 2021, American Chemical Society. (c) Investigation of electrochemical properties

and reaction kinetics of 3D-printed full cells, showcasing their potential for high-performance energy storage. Reprinted with permission [44]. Copyright 2022, Wiley-VCH.

(d) Integration of 3D-printed MSCs and their robust low-temperature electrochemical performance, demonstrating scalability and environmental adaptability. Reprinted with

permission [172]. Copyright 2024, Wiley-VCH. (e) The printed Ti3C2Tx MXene device responding to finger motions at different bending angles, highlighting the material’s

potential in flexible and wearable sensor applications. Reprinted with permission [48]. Copyright 2021, Wiley-VCH.

5.1.2. Advanced batteries with MXene components

MXene have emerged as a promising solution for battery

technologies due to their unique combination of electrochemical

properties and structural versatility. Their layered structure facil-

itates precise control over ion intercalation pathways, enabling

efficient energy storage and rapid charge/discharge cycles. This

capability sets MXene apart from traditional electrode materials,

offering superior ion accessibility and transport dynamics, making

them integral to next-generation battery systems. A standout

feature of MXene is their exceptional structural stability, which

ensures prolonged cycling durability even under high-capacity

energy demands. This resilience, combined with their excellent

electronic conductivity, minimizes internal resistance and delivers

consistent battery performance. Moreover, their surface chemistry

is highly tunable, allowing the incorporation of functional groups

such as –OH, –O, and –F. This customization enhances ion adsorp-

tion and desorption processes, boosting overall energy efficiency

and capacity.

In the realm of 3D-printed batteries, MXene provide transfor-

mative potential. Their compatibility with advanced printing tech-

nologies enables the fabrication of intricately structured electrodes

with enhanced surface areas and optimized porosity. These fea-

tures facilitate effective electrolyte infiltration and maximize the

utilization of active materials, critical for achieving higher energy

densities and extended lifespans. For example, the fabrication of

additive-free Ti3C2Tx MXene microlattices has demonstrated the

transformative potential of MXene-based materials in advancing

3D-printed battery devices [167]. The use of a template-assisted

3D printing method allows for the precise customization of mi-

crostructures, which is crucial for optimizing the electrochemical

performance of battery electrodes. These MXene microlattices ex-

hibit high areal capacitance, which is essential for improving en-

ergy density in compact and efficient battery designs.

One of the key innovations in this approach is the ability to tai-

lor microstructures which significantly enhances the electrochemi-

cal surface area. This enhancement boosts both charge storage ca-

pacity and overall energy efficiency, contributing to the advance-

ment of 3D-printed energy storage devices. Additionally, by elimi-

nating additives during the fabrication process, the MXene micro-

lattices maintain their inherent conductivity and electrochemical

activity, ensuring maximum performance in energy storage appli-

cations [47]. Furthermore, the template-assisted 3D printing tech-

nique is scalable and adaptable, supporting the mass production of

battery components with consistent performance metrics, making

it a promising solution for industrial applications. This combina-

tion of microstructural tailoring, additive-free design, and scalabil-

ity highlights the potential of MXene in revolutionizing 3D-printed

batteries.

The integration of these advancements is further exemplified in

the development of a 3D printed Ti3C2Tx MXene cathode (Fig. 16b),

which employs a dual ion storage mechanism. This mechanism

synergistically combines the pseudocapacitive behavior of H+

ions and the double-layer capacitive behavior of Zn2+ ions which

significantly optimize the electrochemical performance [69]. The

resulting zinc ion hybrid capacitor exhibits enhanced carrier trans-

port, easy electrolyte penetration, and sufficient porosity, leading

to high capacitance and extended lifespan. In another study, a

novel 3D cold-trap environment printing technique (Fig. 16c) was

employed to further enhance the structural stability and longevity

of aqueous Zn-ion batteries [44]. This innovative method addresses

critical challenges such as electrode degradation during cycling,

and provides notable advantages. For example, by integrating the

cold-trap printing technique with MXene, electrode stability is

significantly enhanced, a crucial factor for extending the lifespan

of Zn-ion batteries. Furthermore, MXene effectively mitigate elec-

trode degradation during charge-discharge cycles, ensuring reliable

and long-term performance. From an environmental perspective,

the combination of aqueous Zn-ion batteries with MXene supports

sustainability goals, as these systems utilize non-toxic materials

and water-based electrolytes.

These innovations collectively highlight the transformative im-

pact of MXene-based materials in the field of 3D-printed battery
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devices. By leveraging the unique properties of MXene, researchers

can achieve significant improvements in battery performance, in-

cluding higher energy densities, enhanced longevity, and structural

customization. The continued exploration of MXene-based materi-

als in 3D printing technologies promises to further advance the de-

velopment of next-generation battery devices with superior elec-

trochemical performance.

5.1.3. Wearable sensing devices enabled by MXene

MXene-based materials have emerged as highly promising can-

didates for 3D-printed wearable sensing devices due to their ex-

ceptional electrical conductivity, mechanical strength, and chemical

stability. These properties make MXene ideal for sensors that re-

quire real-time, high-performance data collection in wearable ap-

plications. Unlike traditional materials, MXene enable the forma-

tion of intricate microstructural patterns during 3D printing. These

patterns significantly enhance the sensitivity, electrical properties,

and response speed of the sensors, making them indispensable for

next-generation wearable devices.

A distinguishing feature of MXene is their tunable surface

chemistry, which allows precise interaction with specific target

molecules. This customization ensures high selectivity and sensi-

tivity, making MXene versatile for various types of wearable sen-

sor applications. For example, combining advanced manufacturing

techniques like freeze-drying and 3D printing has led to the devel-

opment of hierarchical MXene pressure sensors with porous struc-

tures. These innovations improve sensitivity and durability, partic-

ularly under high-pressure conditions, thereby addressing critical

requirements for real-world applications.

Recent studies have demonstrated the effective 3D micropat-

terning of Ti3C2Tx MXene using advanced additive manufacturing

techniques, achieving intricate microstructures (Fig. 16e) [48]. Pre-

cise control of printing parameters in these studies resulted in

finely tuned microstructures with superior high electrical conduc-

tivity and mechanical strength. These advancements highlight the

potential of MXene-based materials to redefine sensor performance

by significantly enhancing sensitivity, electrical properties, and re-

sponse speed. Moreover, the ability to fabricate high-resolution

and complex geometries expands the scope of MXene in advanced

sensing technologies, paving the way for transformative innova-

tions in wearable sensors.

The rheological properties of MXene dispersions are critical for

achieving precise 3D printing of wearable sensors. Key factors, such

as ink flowability, viscosity, and shear-thinning behavior, directly

influence the resolution, uniformity, and structural stability of the

printed sensors. Optimization of these properties ensures smooth

extrusion and consistent performance during the printing process

[49]. For example, enhanced ink flowability enables accurate de-

position, while controlled viscosity supports proper layer stack-

ing, critical for fabricating intricate sensor designs. Such improve-

ments reduce defects like clogging or uneven deposition, enhanc-

ing the structural integrity and functionality of the sensors. More-

over, maintaining high conductivity and mechanical stability fur-

ther underscores the practical viability of MXene-based wearable

sensors.

Advancements in 3D printing techniques have also enabled the

fabrication of MXene scaffolds with complex geometries, such as

gyroid structures, which exhibit exceptional mechanical sensitivity

[51]. These structures achieve ultra-high sensitivity for microscale

strain detection, which is essential requirement for wearable sen-

sor applications. Such findings provide valuable insights into the

design and manufacturing of next-generation wearable sensors,

paving the way for significant advancements in this rapidly evolv-

ing field.

Hierarchical MXene-based pressure sensors represent another

breakthrough, combining the excellent electrical conductivity and

mechanical strength of MXene with freeze-drying techniques to

create a porous hierarchical structures [45]. This novel approach

significantly improves sensitivity and durability of pressure sen-

sors, particularly under high-pressure conditions. The integration

of 3D printing and freeze-drying offers an innovative solution for

creating highly sensitive and durable wearable pressure sensors.

These sensors hold immense potential for real-world applications

such as health monitoring and tactile sensing, where precision and

durability are paramount.

In conclusion, MXene-based materials, when coupled with ad-

vanced manufacturing techniques, provide a versatile platform for

developing next-generation wearable sensors. By leveraging their

unique properties and addressing challenges in 3D printing, MXene

can revolutionize the field of wearable sensing devices, offering

unparalleled performance and scalability for diverse applications.

5.1.4. MXene-based hybrid systems for multifunctional applications

MXene have emerged as highly versatile materials, with several

studies demonstrating their integration into hybrid systems to en-

hance both mechanical and electrochemical properties [29]. For ex-

ample, composites of MXene with cellulose nanofibers or graphene

exhibit improved structural integrity and superior energy storage

capabilities. These findings highlight MXene’ adaptability, position-

ing them as key materials for addressing challenges in energy stor-

age and conversion technologies.

Building on this versatility, MXene play a dual role in mul-

tifunctional devices, serving as both a structural reinforcement

and an active electrochemical component. When coupled with ad-

vanced fabrication techniques like 3D printing, the potential of

MXene-based materials is further amplified. 3D printing enables

precise engineering of complex architectures, unlocking unprece-

dented opportunities for next-generation energy systems with tai-

lored performance metrics.

5.2. MOF-based martials breakthroughs in 3D printing

MOF-based materials are revolutionizing the field of 3D-printed

energy storage and conversion devices due to their high surface

area, tunable porosity, and versatile chemical functionality. These

unique features enable MOF-based materials to optimize ion trans-

port, improve energy densities, and enhance the overall efficiency

of devices such as batteries, supercapacitors, and catalytic systems.

By leveraging advanced 3D printing technologies, MOF-based ma-

terials can be fabricated into intricate geometries with precisely

controlled porosity, which not only maximizes material utilization

but also ensures improved electrochemical efficiency.

Moreover, the integration of MOF-based materials into 3D-

printed devices provides innovative solutions to long-standing

challenges in traditional manufacturing techniques. Unlike conven-

tional methods, 3D printing offers scalability, reproducibility, and

the ability to create complex structural designs tailored to specific

energy applications. In addition, the versatility of these materials

extends beyond energy storage to catalytic energy conversion.

MOFs’ chemically tunable frameworks enable the incorporation of

active sites for reactions such as hydrogen evolution and oxygen

reduction. Combined with the precision of 3D printing, MOF-based

catalytic systems can achieve lightweight, porous architectures

with exceptional durability and performance [173]. These advance-

ments highlight the enormous potential of MOF-based materials

in addressing critical challenges in energy technologies, posi-

tioning them as indispensable materials in the development of

next-generation energy solutions.

5.2.1. MOF-based battery technologies

MOFs have garnered significant attention in recent years due

to their exceptional properties, including high surface area, tunable
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Fig. 17. Advancing energy storage: The role of MOF-based 3D printing. (a) Electrochemical performances of 3D-printed nitrogen-doped carbon-cobalt (3DP-NC–Co) materials.

Reprinted with permission [102]. Copyright 2022, Wiley-VCH. (b) Rate performance of the full cell using the Li@3DP-NC anode and the 3DP-LiFePO4 cathode. Reprinted

with permission [103]. Copyright 2019, Elsevier. (c) Comparison of lithium dendrite growth in PEO/L electrolyte versus inhibition in PEO/L-5Z electrolyte. Reprinted with

permission [146]. Copyright 2023, Wiley-VCH. (d) Schematic illustration of the ion transport mechanism in MOF-based MSCs. Reprinted with permission [118]. Copyright

2023, Wiley-VCH. (e) Electrochemical comparison of VZNPGC//MXene MSCs. Reprinted with permission [119]. Copyright 2024, Wiley-VCH.

porosity, and chemical versatility. These attributes make them ideal

candidates for fabricating advanced battery devices. In particular,

MOFs offer unique advantages in tailoring material architecture

and optimizing ion transport pathways, which are critical for im-

proving the performance of energy storage and conversion systems

[169,174–176]. This section explores the role of MOF-based mate-

rials in 3D-printed battery technologies, focusing on their ability

to enhance energy density, charge-discharge efficiency, and overall

device performance.

Hierarchical porous MOF-derived frameworks for high-energy

density Li–O2 batteries: Recent research has explored the develop-

ment of 3D-printed MOF-derived hierarchically porous frameworks

designed for high-energy density Li–O2 batteries (Figs. 17a and b)

[102,103]. The unique structural characteristics of MOFs, such as

high surface area and tunable porosity, are leveraged to fabricate

battery electrodes that significantly enhance energy density. The

hierarchical porosity of the frameworks facilitates efficient oxygen

diffusion and electrolyte accessibility, leading to optimized overall

battery performance. This advancement highlights the transforma-

tive potential of MOF-based 3D printing technologies in achieving

superior performance in energy storage applications.

In a related development, researchers have successfully de-

signed 3D-printed electrodes for lithium metal batteries that ex-

hibit high areal capacity and exceptional rate capability [172]. By

integrating MOF materials into the electrode structures, critical

challenges such as dendrite growth and electrode degradation are

addressed. This investigation highlights how MOF-based 3D print-

ing can significantly improve the performance metrics of lithium

metal batteries, paving the way for more efficient and durable en-

ergy storage solutions.

Further advances have been achieved in lithium–sulfur batter-

ies through the development of a 3D-printed aluminum MOF/S

cathode [112]. The optimized MOF framework enhances polysulfide

adsorption and redox conversion, effectively mitigating polysulfide

dissolution, which is a common challenge in these systems. This

advancement leads to the development of a more stable and high-

performance cathode, demonstrating the potential of MOF-based

structures in overcoming technical barriers to lithium–sulfur bat-

tery advancement.

Beyond cathode and electrode design, 3D printing has also been

applied to the fabrication of porous MOF-based hybrid solid-state

electrolytes. A universal room-temperature printing method was

introduced to inhibit dendrite formation in SSBs (Fig. 17c) [146].

The porous architecture of MOFs not only ensures robust ionic

conductivity but also addresses safety concerns associated with

dendrite growth, making SSBs more reliable and efficient. This

approach demonstrates the potential of MOF-based 3D printing

in creating next-generation solid-state electrolytes with enhanced

performance.

Another innovative application involves the design of 3D

printed grid reservoir-integrated anodes for ZIBs. These anodes, en-

riched with MOF-based materials, improve both battery longevity

and safety by mitigating dendrite formation [147]. The grid reser-

voir structure ensures uniform zinc deposition, further enhancing

the stability of the battery system. This study exemplifies how

MOF-based 3D printing can address safety challenges while main-

taining high performance in ZIBs.

In summary, the integration of MOF-based materials into 3D

printing technologies for battery devices has unlocked significant

advancements across multiple domains of energy storage. From en-

hancing energy density in Li–O2 batteries to improving electrode

performance, managing polysulfide dissolution in lithium–sulfur

systems, and mitigating dendrite formation in solid-state and ZIBs,

MOFs offer unparalleled versatility and effectiveness. These break-

throughs lay a strong foundation for future exploration of MOF-

based 3D printing technologies.

5.2.2. Supercapacitors with MOF-based 3D printing

Supercapacitors demand materials with high surface area, ex-

cellent conductivity, and long-term stability to achieve superior en-

ergy storage performance. MOF-based materials, with their cus-

tomizable porosity and tunable chemical properties, emerge as

promising candidates for integration into 3D-printed supercapac-

itor architectures. When employed in these structures, MOFs sig-
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nificantly enhance energy density and charge-discharge rates, ad-

dressing key limitations of conventional materials.

A notable example is the synergistic enhancement of super-

capacitor performance by incorporating of Ni2+ and cobalt-based

organic frameworks into 3D-printed MSCs (Fig. 17d). The unique

combination of these frameworks with advanced printing tech-

niques achieved remarkable improvements in specific capacitance

and extended the cycle life of the device [118]. Furthermore, uti-

lization of Ni2+ ions within hollow nano-MOFs, followed by their

hybridization with polymetallic phosphides, further boosts elec-

trochemical performance. This approach optimizes electron trans-

fer and ion diffusion pathways, significantly increasing energy and

power densities (Fig. 17e) [119]. The precision enabled by 3D print-

ing is a critical factor in these enhancements, as it allows precise

control over the material’s morphology, ensuring efficient transport

of charge carriers. These advancements showcase how MOF inte-

gration can effectively harness the potential of additive manufac-

turing for next-generation energy storage.

MOF-based materials have also been successfully combined

with graphene aerogels in 3D-printed electrodes for hybrid

supercapacitor-battery devices [120]. This composite structure

provides an optimal balance between high energy and power

density, illustrating the high conductivity of graphene and the

tunable porosity of MOFs. Such integration not only improves

electrochemical performance but also broadens the range of appli-

cations for MOF-based materials, particularly in devices requiring

rapid charge-discharge capabilities and extended cycle life.

5.2.3. Catalysis innovations with MOF-integrated 3D printing

MOFs have shown considerable promise in advancing 3D print-

ing technologies for catalytic applications. The integration of MOFs

into 3D-printed materials have achieved significant enhancements

in catalytic performance across diverse processes. The synergy be-

tween MOFs intrinsic properties and the design freedom offered by

3D printing has led to remarkable progress in catalysis, paving the

way for innovations in sustainable energy and chemical manufac-

turing [177–179]. The following discussion explores key develop-

ments in three primary domains where MOF-based 3D printing has

demonstrated exceptional promise: Hydrogen storage, photocataly-

sis, and catalytic reactions. These developments highlight how the

integration of MOFs into 3D-printed systems is reshaping catalytic

science, enabling breakthroughs that were previously unattainable

with traditional materials and fabrication methods. Through these

advancements, MOF-based 3D printing is not only addressing con-

temporary challenges in catalysis but is also redefining the bound-

aries of material science and engineering.

MOF-based materials are increasingly utilized in 3D printing

for developing advanced hydrogen storage solutions. MOF compos-

ites embedded in 3D-printed matrices, such as ABS-MOF compos-

ites, control the inherent high surface area and tunable porosity of

MOFs [100]. These properties enable efficient hydrogen adsorption

and desorption, leading to substantial improvements in storage ca-

pacity and system performance. This innovative approach bridges

the gap between material functionality and practical implemen-

tation, marking a significant advancement in the development of

scalable hydrogen storage solutions.

Recent advancements in MOF-based photocatalysis showcased

their potential to enhance hydrogen generation. 3D-printed MOF-

derived composites allow precise control over the printing process

and material structure, optimizing photocatalytic activity [101]. The

inherent high surface area and well-defined architectures of MOFs

contributes contribute significantly to improved photocatalytic ef-

ficiency. These features position MOF-based materials as pivotal

components in the design of sustainable hydrogen production sys-

tems. By utilizing 3D printing, researchers can tailor MOF struc-

tures for enhanced light absorption and catalytic performance, of-

fering a pathway to more efficient and environmentally friendly

energy solutions.

3D-Printed MOF-based materials have also demonstrated sig-

nificant potential in advancing catalytic reactions and reactor de-

sign, with diverse applications showcasing their versatility. For ex-

ample, the fabrication of 3D-printed Fe/γ -Al2O3 monoliths incor-

porating MOF-derived structures has improved catalytic activity

for the hydroxylation of phenol [104]. This is achieved through

improved dispersion and accessibility of active sites, highlighting

the effectiveness of MOF-based 3D printing in producing high-

performance and durable catalytic materials. Additionally, the fab-

rication of 3D-printed porous magnetic carbon materials derived

from MOFs, which combine high catalytic activity with magnetic

properties, has highlighted the versatility of MOF-based materials

in multifunctional catalyst design [105]. The ability to facilitate cat-

alyst recovery and reuse further enhances the practicality of these

materials across various catalytic processes. Moreover, the integra-

tion of MOFs directly onto polymeric supports through one-pot

growth techniques has been shown to significantly boost catalytic

performance in CO2 conversion processes, contributing to both ef-

ficiency and stability in these processes [140]. This approach il-

lustrates how MOF-based 3D printing can be leveraged to create

advanced catalysts for CO2 conversion, aligning with sustainabil-

ity goals. In another innovative application, metal 3D-printed flow

reactors, modified with MOF-based surface chemistry, have been

engineered to optimize liquid-phase catalytic hydrogen production

[157]. The enhanced catalytic performance and selectivity achieved

in these reactors underscore the transformative role of MOF-based

3D printing in refining reactor design for industrial hydrogen pro-

duction.

The advancements in MOF-based 3D printing for catalytic ap-

plications illustrate the significant potential of these materials in

enhancing catalytic processes and reactor designs. From hydrogen

storage and photocatalysis to catalytic reactions and reactor engi-

neering, MOFs offer distinct advantages such as high surface area,

tunable porosity, and multifunctionality. These developments not

only improve catalytic efficiency but also open new avenues for

future research and practical applications in various catalytic tech-

nologies.

6. Challenges and future perspectives

Despite these advancements, several challenges must be ad-

dressed to fully realize the potential of MXene- and MOF-based

3D printing. Ink formulation, for instance, remains a key hurdle,

but recent progress in additive-free and ionic liquid-based sys-

tems offers promising solutions. Similarly, balancing porosity and

structural integrity is critical, necessitating innovative approaches

in material design and printing techniques. Addressing these chal-

lenges will require interdisciplinary collaboration and a focus on

sustainable manufacturing processes.

6.1. Overcoming current challenges

The success of 3D printing MXene and MOF-based materials

hinges on developing inks with precisely optimized rheological

properties. Achieving a balance between viscosity, printability, and

mechanical stability remains a persistent challenge. Additives are

often introduced to improve rheological behavior, but these can

compromise the intrinsic properties of MXene and MOFs, such

as electrical conductivity and porosity, both of which are crucial

for electrochemical applications. Therefore, the development of

additive-free or minimally modified ink formulations that retain

these functional properties without compromising printability is

ongoing area of research. Furthermore, ensuring uniform disper-

sion of MXene and MOFs within the ink matrix is essential to
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prevent aggregation, which can otherwise lead to performance

inconsistencies and structural defects in printed materials.

Balancing porosity and mechanical strength poses another crit-

ical challenge. For energy storage and conversion devices, high

porosity is desired to enhance ion transport and surface area.

However, increasing porosity can weaken the mechanical integrity

of the printed structures, making them susceptible to collapse

or degradation under operational stresses. This trade-off empha-

sizes the need for innovative design strategies to create robust

yet porous structures that can withstand repeated charge-discharge

cycles and harsh environmental conditions without compromising

performance.

While laboratory-scale demonstrations of MXene and MOF-

based 3D-printed devices have shown promising results, scaling up

these processes to industrial levels remains a significant challenge.

Issues such as reproducibility, throughput, and cost-effectiveness

of 3D printing techniques need to be addressed to make these

technologies viable for large-scale energy storage and conversion

applications. Moreover, the integration of these printed compo-

nents into existing manufacturing workflows and device architec-

tures poses additional hurdles. Addressing these issues requires an

intensive effort to bridge the gap between laboratory-scale innova-

tion and large-scale industrial implementation.

The long-term stability of MXene and MOF-based materials un-

der operational conditions is another area of concern. MXene are

particularly susceptible to oxidation, which significantly dimin-

ishes their performance over time. Similarly, MOFs may suffer from

structural collapse or chemical degradation when exposed to chal-

lenging environmental conditions, such as high humidity or ele-

vated temperatures. To improve durability, various strategies are

being explored, including surface passivation, encapsulation, or the

incorporation of stabilizing agents. Advancing these techniques will

be critical for the practical deployment of these materials in energy

storage devices.

The interfaces between the 3D-printed materials and other

components of the energy storage device, such as current collec-

tors, electrolytes, and separators, plays a critical role in overall

device performance. Ensuring strong interfacial adhesion and

minimizing contact resistance are crucial for enhancing efficiency.

Additionally, the chemical compatibility of MXene and MOFs with

various electrolytes needs careful consideration, as adverse inter-

facial reactions can lead to material degradation and a loss of per-

formance. Therefore, engineering stable, low-resistance interfaces

is essential for the development of reliable energy storage devices.

6.2. Future perspectives

Future research should focus on developing novel ink formula-

tion strategies that leverage the unique properties of MXene and

MOFs while overcoming current limitations. Future efforts should

emphasize the use of green solvents, ionic liquids, or hybrid inks

that combine the benefits of multiple materials. For instance, green

solvents can minimize environmental impact while maintaining

ink stability, whereas hybrid inks can combine the conductivity

of MXene with the porosity and high surface area of MOFs for

enhanced performance. Additionally, exploring self-assembly and

directed assembly techniques during the printing process can fa-

cilitate the development of controlled and hierarchically struc-

tured materials, resulting in superior uniformity and functionality

in printed devices.

The integration of MXene and MOFs into multifunctional 3D-

printed architectures offers exciting opportunities for enhancing

device performance and reducing system complexity. These archi-

tectures can be designed to perform multiple roles simultaneously,

such as combining energy storage with catalytic activity, ther-

mal management, or sensing capabilities. By leveraging the tun-

able properties of MXene and MOFs, researchers can create next-

generation devices that enhance functionality while minimizing

the need for additional components. Such advancements could rev-

olutionize energy storage technologies, offering unprecedented ver-

satility and efficiency.

The combination of MXene and MOFs with other functional

materials, such as graphene, carbon nanotubes, or conductive

polymers, could further enhance their performance in energy

storage and conversion applications. By blending the best proper-

ties of each component, such as the high conductivity of MXene

and the high surface area of MOFs, hybrid materials can achieve

superior performance in energy storage and conversion appli-

cations. Additionally, the use of 3D printing to create gradient

or layered structures with different material compositions could

enable more efficient utilization of each material’s properties and

further optimizing device functionality.

As the field of 3D printing for energy storage and conver-

sion matures, sustainability becomes a central focus. The devel-

opment of eco-friendly materials, solvent-free printing techniques,

and recycling strategies for end-of-life devices will be essential for

the long-term viability of this technology. Research efforts should

prioritize the use of biodegradable or renewable precursors for

MXene and MOFs, and develop low-energy fabrication processes.

These advancements could contribute to more environmentally

friendly energy storage solutions, addressing both performance and

ecological concerns.

Finally, translating laboratory-scale innovations into real-world

applications will require collaboration between material scien-

tists, engineers, and industry stakeholders. Addressing practical

challenges such as device integration, reliability testing, and regu-

latory approvals is essential for enabling the widespread adoption

of MXene- and MOF-based technologies. The establishment of

standardized testing protocols and benchmarks for evaluating the

performance of 3D-printed energy storage devices will be crucial

for gaining industry acceptance and facilitating commercializa-

tion. The integration of artificial intelligence (AI) with MXene-

and MOF-based composite materials heralds a paradigm shift in

collaborative hierarchical material-structure design. Advanced AI

systems, exemplified by DeepSeek’s multiscale modeling platform,

enable precise analysis of material properties and optimization

of synthesis strategies through predictive frameworks spanning

atomic-scale interactions to macroscopic architectures. Machine

learning models decipher MXene’s surface termination dynam-

ics (-O/-F ratio modulation) and MOF’s coordination chemistry,

achieving atomic-level hybridization for tailored electron/ion dual-

transport networks. Simultaneously, generative AI (e.g., diffusion

models) optimizes 3D-printed mesoscale porosity (10 nm–10μm),

ensuring spatial alignment between MXene’s conductive path-

ways and MOF’s molecular-sieving domains, thereby resolving the

historical conductivity-porosity trade-off. Reinforcement learning

(RL) agents dynamically adjust MXene delamination parameters

(e.g., HF concentration, intercalants) and MOF crystallization

conditions (e.g., solvent polarity, nucleation kinetics) to engineer

interfaces with <5% lattice mismatch. At the application level,

AI-driven strain-field simulations synergize MXene’s mechanical

durability with MOF’s dynamic bond reconfiguration, enabling

foldable supercapacitors that retain 90% capacitance after 104

bending cycles. This AI-enhanced design philosophy transcends

conventional trial-and-error methodologies by establishing causal

relationships among molecular motifs, processing parameters,

and macroscopic performance, thereby advancing the "materials-

by-computation" paradigm. Ultimately, AI-powered digital twin

ecosystems will allow MXene-MOF composites to undergo compu-

tational refinement prior to physical synthesis, accelerating their

deployment in next-generation energy storage and conversion

technologies.
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By addressing these challenges and exploring innovative di-

rections, the field of MXene and MOF-based 3D printing for en-

ergy storage and conversion holds immense promise. The contin-

ued evolution of this technology could lead to breakthroughs, con-

tributing to a more sustainable and energy-efficient future.

7. Conclusion

In this review, we have explored the growing field of MXene-

and MOF-based materials in 3D printing, particularly focusing on

their roles in electrochemical energy storage and conversion de-

vices. The synthesis, formulation, and integration of these ad-

vanced materials into 3D-printed architectures present unique op-

portunities and challenges for the future of energy technologies.

Compared to conventional 3D-printed carbon-based materials

(e.g., graphene, carbon nanotubes), the MXene-MOF hybrid system

exhibits distinct electrochemical advantages rooted in its comple-

mentary design (Table 1) [45,69,103,118,119,146,147,158,159,161–

163,169,173,180–191]. While graphene excels in electrical conduc-

tivity and carbon nanotubes demonstrate exceptional mechani-

cal strength, neither achieves multifunctional integration at the

electrode-electrolyte interface. MXene-MOF composites uniquely

address this gap: The metallic conductivity of MXene nanosheets

forms continuous electron transport channel, while the MOF

framework enables molecular-scale ion regulation through pro-

grammable nanopores. This synergy enhances both charge transfer

kinetics and ion-accessible surface area, a pivotal advancement un-

achievable with traditional carbonaceous materials. Furthermore,

the inherent chemical versatility of MXene-MOF interfaces facili-

tates dynamic adaptation to diverse electrochemical environments,

overcoming the structural rigidity of graphene/carbon nanotube

systems. Such integrated functionality positions MXene-MOF archi-

tectures as a transformative solution for next-generation energy

devices requiring coupled high energy-power density and opera-

tional stability.

MXene, with their exceptional electrical conductivity, mechan-

ical flexibility, and tunable surface chemistry, have demonstrated

significant potential in various electrochemical applications, from

batteries to supercapacitors. MOFs, on the other hand, offer unpar-

alleled porosity and structural diversity, making them ideal can-

didates for enhancing ion transport and storage capacities. How-

ever, the combination of these materials with 3D printing tech-

nologies brings forth a new level of complexity, where ink formu-

lation, structural integrity, and device integration must be care-

fully optimized. The advancements in 3D printing technologies,

such as FDM, SLA, and inkjet printing, have enabled the fabrication

of intricate and highly functional devices. Yet, the translation of

these techniques from laboratory-scale to industrial-scale applica-

tions remains a significant hurdle. The challenges associated with

ink rheology, structural stability, scalability, and long-term perfor-

mance require further research and innovation.

Looking forward, the continued development of hybrid and

composite materials, advanced ink formulation techniques, and

sustainable manufacturing processes will be essential for unlocking

the full potential of MXene- and MOF-based 3D-printed devices.

Additionally, the exploration of multifunctional architectures and

real-world integration will pave the way for next-generation en-

ergy storage solutions that are both efficient and environmentally

friendly.

In conclusion, while significant progress has been made in the

field of MXene- and MOF-based 3D printing for electrochemical

energy storage and conversion, there remains a vast landscape of

opportunities for future research. The synergy between material

science, 3D printing technology, and electrochemical engineering

will continue to drive innovations that address the energy chal-

lenges of our time. As we move forward, interdisciplinary collab-

oration and a focus on scalability, sustainability, and performance

optimization will be key to realizing the full impact of these tech-

nologies on the energy landscape.
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